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Trenbolone acetate (TBA) is a potent synthetic androgen that is widely used to 
promote weight gain in beef cattle.  A possible consequence of its use is endocrine 
disruption in aquatic vertebrates, which could occur if trace concentrations (>10 ng/L) 
reach receiving waters. While the ecotoxicity of TBA metabolites, including 17α-
trenbolone (17α-TBOH), 17β-trenbolone, and trendione, have been reasonably well 
characterized, their fate and transport in the environment is poorly characterized. 
Therefore, lab, plot, and field scale experiments were used to quantify the mass of TBA 
metabolites that could transport from agro-ecosystems to receiving waters. Observed 
leaching of 17α-TBOH from manure during irrigation closely matched estimates made 
from a 1-D diffusional model, suggesting that leaching during irrigation was diffusion 
limited. When applied to rainfall events, the model drastically underestimated the 
leachable mass, likely because it didn’t account for physical disturbances due to 
raindrops. Therefore, a power model based on rainfall intensity was fit to the data to 
describe leaching under different rainfall scenarios. Based on these models, 1,600-22,000 
ng and 1,800-4,000 ng 17α-TBOH is expected to leach during 1-5 cm rainfall events and 
6-12 hour irrigation events, respectively. To evaluate attenuation, 17α-TBOH was 
continuously applied to 3-5 m vegetative buffer strips, and ~80% removal was observed. 
While >97% removal was expected based on equilibrium partitioning, colloid facilitated 
transport and non-equilibrium conditions likely limited removal. Based on these data, 
concentrations in runoff from irrigated pastures were predicted to be <1 ng/L, but actual 
first flush concentrations were 11 ng/L. Runoff concentrations dropped from 11 ng/L to 2 
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ng/L after only 3 m of overland flow and exceeded 1 ng/L levels for <30 minutes. During 
rainfall events from small (6-10 m
2
) plots, average 17α-TBOH concentrations were 2 
ng/L. Using mass balance estimates, runoff concentrations are expected to be <1 ng/L as 
long as stocking densities are <25 animals/hectare, which is the upper limit recommended 
for pastures. Given a likely no observed effects concentration of 1 ng/L, the ecological 
risk due to TBA use on well-managed pastures is low. When cattle excrete wastes 
directly into surface waters, however, several attenuation processes (e.g., sorption, 
transformation, infiltration) are ineffective, and concentrations are expected to increase 
15-20 fold. Furthermore, while densities of 25 animals/hectare is the upper limit for 
pastures, animal feedlot densities can be much higher, and with higher implant dosages, 
concentrations as high as 100-250 ng/L are predicted in runoff from feedlots, indicating 
that the risk of transport on feedlots is substantially larger compared to more diffuse 
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Within the United States, animal agriculture is a dominant feature of the 
landscape.  Cattle production occurs in all 50 states, where collectively ~35% of the total 
land area, or 3.2 million km
2
, is used as grazing land, which can be broken into two broad 
categories: rangelands and pastures.
1
  In general, rangelands consists of native grasslands, 
shrublands, and woodlands, whereas pastures are typified by introduced forage species 
and are intensively managed to promote forage production.
2
  Due to increased forage 
production, pastures can support larger stocking densities compared to rangelands.  
Stocking densities are measured in terms of animal unit months (AUM), which is the 
amount of forage necessary to support one mature 450 kg (1,000 lb.) cow for one month 
and ranges from 270-450 kg (600-1000 lb.) of air dried vegetation.  Therefore, a stocking 
density based on forage production is an estimate of the carrying capacity for a particular 
system.  Carrying capacities vary depending on forage production, animal age, and 
season, but for irrigated pastures, they typically range from 2-50 AUM/hectare (ha; 1-20 
AUM/acre [ac]).
3-8
  For comparison, stocking densities on confined animal feeding 
operations (CAFOs) are 500-1000 AU/ha (200-400 AU/ac).
9
  Because forage is not 
grown on feed lot surfaces, this number represents the actual density (AU/area) and is not 
reflective of a carrying capacity. 
Cattle are reared on different agricultural lands (e.g., rangelands, pastures, or 
CAFOs) depending on their life stage.  Breading herds typically give birth to calves on 
rangelands or pastures.  Newborn calves weigh 30-45 kg and stay on rangelands or 
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pastures until they reach 250-350 kg.  At approximately 18 months, the calves are moved 
to CAFOs and spend 4-6 months on feed until they reach 550-650 kg at which point they 
are sent to slaughter.
10
  During this 2 year process, 60-90% animals are implanted with 
growth promoting compounds, which include both natural and synthetic compounds, in 
order to improve feed efficiency and promote weight gain prior to slaughter.
11, 12
  
Steroidal components to these implants include both natural and synthetic androgens (i.e., 
testosterone and trenbolone acetate [TBA]) and estrogens (i.e., estradiol and estradiol 
benzoatel; Table 1).  Testosterone and TBA are anabolic agents responsible for improved 
weight gain, however, TBA is reportedly 15-50 times more potent than testosterone.
13
 
Table 1-1  
Dosage range of various steroid hormones in common commercially available 










Synovex Fort Dodge 0-14 0-28 0-200 0-200 
Revalor Intervet 8-24 0 40-200 0 
Finiplix Intervet 0 0 200 0 
Component Vetlife 0-24 0-20 0-200 0-200 
 
Recent studies have demonstrated that manure from beef cattle contains bioactive 
steroids and has up to 20 ng/g-dry weight manure (dw) of androgen equivalents and 18 
ng/g-dw of estrogen equivalents.
14
  Because adult animals can excrete 5-8 kg-dw of 
manure per day,
9, 15
 daily excretion of both androgens and estrogens is likely to range 
from 100-200 µg/day.  Other estimates of the total androgens (i.e., 17α-testosterone, 17β-
testosterone, and androstenedione) and estrogens (i.e., 17α-estradiol, 17β-estradiol, and 
estrone) excreted in feces are much higher and range from 300-950 µg/day in males and 





Following TBA implantation, TBA metabolites (i.e., 17α-trenbolone [17α-TBOH], 17β-
trenbolone [17β-TBOH], and trendione [TBO]) have been detected in manure and are 




While excreted onto the land surface, steroid hormones derived from agricultural 
lands are frequently detected in runoff and in receiving waters, often at concentrations 
>100 ng/L.
9, 18-25
  Because steroid hormones are ubiquitous in vertebrates, it is not 
surprising that agriculturally derived steroid hormones can act as endocrine disrupting 
compounds that elicit cellular responses in non-target aquatic organisms.  Fish are 
particularly susceptible to endocrine disruption from exogenous steroid hormones, which 
can pass from the water column directly into the bloodstream through gills.
26
  Several 
studies have evaluated endocrine disrupting potential in fish exposed to both androgens 
and estrogens.  At trace levels (~10-50 ng/L), TBA metabolites, namely 17α-TBOH and 
17β-TBOH, elicit strong androgenic responses including increased male:female sex 
ratios, decreased egg production, decreased vitellogenin (i.e., egg yolk precursor protein) 
production, and development of male sexual characteristics in female fish.
27-30
  
Conversely, opposite trends have been shown to occur in fish populations exposed to 
estrogens.
31-33
  While steroid hormones are not directly lethal, their indirect effects can 
lead to population declines and even population collapse.
31, 34
  While no observed effects 
levels (NOELs) are not known for many steroids, NOELs for natural estrogens (e.g., 
estradiol) are near 1 ng/L,
35
 which is a reasonable estimate for other steroids with 
unknown NOELs.  Because agricultural runoff concentrations often exceed 100 ng/L for 
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various androgens, there is a substantial risk of endocrine disruption resulting from 
transport of steroid hormones derived from agricultural lands. 
The ecological risks associated with steroid hormones derived from animal 
agriculture are governed by two factors: the steroid hormone mass that can leach from 
manure (i.e., leaching potential) and the mass that can be attenuated during subsequent 
transport (i.e., attenuation potential).  Together, these factors describe the transport 
potential which is the likelihood that steroid hormones will be transported to receiving 
bodies of water.  However, little is known about either.  While the sources of agricultural 
steroids are known, no studies have quantified the steroid mass that can leach from 
manure.  Furthermore, few studies have evaluated steroid attenuation in environmental 
settings, and what information is available is seemingly contradictory.  While bond 
locations and functional groups differ, steroid hormones are structurally similar to each 
other with moderate affinities for organic carbon (i.e., log Kow and log Koc ≈ 3-4, Table 
2), suggesting that equilibrium partitioning to immobile organic phases and soils should 
dominate attenuation.
36-38
  This is in agreement with van Donk et al. (2013) and Mansell 
et al. (2004) who reported high retention of various agricultural steroids within the 
surface layers of soil.
24, 39
  While these studies suggest that soils are a major sink for 
steroids, others have reported much higher mobility of steroids in environmental systems.  
17β-estradiol, testosterone, and TBA metabolites have been detected at relatively high 
concentrations (e.g., 160 ng/L) in the vadose zone and in ground water, indicating that 
their fate is not always dominated by hydrophobic equilibrium partitioning.
21, 22, 40-43
  
Similarly, in soil column experiments, breakthrough of estradiol, testosterone, and 17β-
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TBOH has occurred simultaneously with or shortly after chloride, indicating that some 




Table 1-2.   
Octonal/water (KOW) and organic carbon (KOC) partitioning 
coefficients for six androgens and estrogens in beef cattle 
manure.  When present, confidence intervals represent standard 
deviations. 
Steroid Log KOW Log KOC (L/kg) Source 
Testosterone 3.32-3.48 3.34 ± 0.10 
39, 46, 47
 
17α-TBOH 2.72 ± 0.02 2.77 ± 0.12 
37
 
17β-TBOH 3.08 ± 0.03 3.08 ± 0.10 
37
 
TBO 3.38 ± 0.19 2.63 ± 0.05 
37
 
17β-estradiol 3.43-4.10 3.34 ± 0.17 
39, 47, 48
 




At best, the transport potential of agriculturally derived steroid hormones is 
poorly characterized.  For TBA metabolites, which likely have the greatest potential to 
cause endocrine disruption in aquatic vertebrates, the transport potential in agro-
ecosystems is virtually unknown.  In order to identify runoff scenarios (i.e., rainfall or 
irrigation induced runoff) that transport the greatest mass of TBA metabolites, the 
leaching potential from manure must be characterized.  Furthermore, given the complex 
behaviors concerning steroid transport at laboratory and field scales, investigating the 
transport potential of TBA metabolites through agro-ecosystems is necessary to 
understand the capability of agricultural fields to act as a source of steroids to the aquatic 
environment.  Therefore, the goals of this research were to quantify the TBA metabolite 
leaching potential from manure as well as attenuation and transport potentials at relevant 
agricultural scales.  My objectives were to 1) quantify the mass of TBA metabolites that 
could leach during irrigation and rainfall events at any day post implantation, 2) evaluate 
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the TBA metabolite attenuation in both surface and subsurface runoff plots, 3) measure 
concentrations in runoff from representative irrigation and rainfall events to assess the 
risk of TBA use on pastures, 4) develop generalized mass balance approaches to estimate 
TBA metabolite concentrations in runoff from rangelands, pastures, and CAFOs, and 5) 
identify specific management strategies that minimizes the transport potential TBA 
metabolites from agricultural surfaces.  Collectively, this information will not only be 
useful for minimizing risks associated with TBA use in animal agriculture, but will also 
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 Several studies have documented the occurrence and fate of trenbolone acetate 
(TBA) metabolites in soil and water.  However, considerable uncertainty still exists with 
respect to TBA risk in agro-ecosystems because limited data are available to quantify 
excretion, transformation, and leaching processes.  To address these uncertainties, we 
used experimental mesocosms and a mass balance approach to estimate the TBA 
metabolite leaching potential from manure excreted by implanted (40 mg TBA, 8 mg 
17β-estradiol) beef cattle.  Sample analysis indicates that over 113 days, 9.3% (3,200 
µg/animal unit [AU]) of the implant dose was excreted as 17α-trenbolone (17α-TBOH), 
and <1% was excreted as 17β-trenbolone (65 μg/AU) or trendione (3 μg/AU).  While 
most (>97%) of the excreted 17α-TBOH transforms to uncharacterized products, 0.3-
0.6% (100-220 µg/AU) of the implant dose accumulates on land surfaces and is available 
for subsequent transport.  During rainfall or irrigation events, a maximum of 0.005-0.06% 
(1.6-22 µg/AU 17α-TBOH) or 0.005-0.012% (1.8-4 µg/AU 17α-TBOH) of the dose 
leached into runoff, respectively.  Leaching potentials peak at 5-30 days post-
implantation, suggesting that targeted timing of implantation and irrigation could 




A major environmental challenge of large-scale animal agriculture is managing 
manure accumulation on land surfaces (e.g., rangelands, feedlots, etc.) and preventing 
manure-derived contaminants from affecting aquatic ecosystems.  Animal agriculture 
generates 1.3 x 10
12





Manure-derived contaminants, including nutrients, pathogens, endogenous steroids, and 
veterinary pharmaceuticals, are subsequently leached in agricultural runoff and become 
available for surface and subsurface transport to receiving waters.  These contaminants 
are leading sources of surface water quality impairment
2





 and disease outbreaks.
5
 
Observations of endocrine disruption within aquatic vertebrates, including 
population-scale effects, have been linked to steroid hormones associated with animal 
agriculture.
6-10
  For example, trenbolone acetate (TBA) is a potent synthetic androgen that 
is in widespread use as a growth promoter.
11
 Annually, TBA production and use likely 
exceeds 5,000-10,000  kg, implying that it is one of the most pervasive environmental 
steroids.
12
  Dominant metabolites of TBA likely to encounter aquatic environments 
include 17α-trenbolone (17α-TBOH), 17β-trenbolone (17β-TBOH), and trendione 
(TBO).
12-14
  Upon exposure to fish, 17α-TBOH and 17β-TBOH are capable of fecundity 
reduction and sex reversal at low concentrations (e.g., 10-30 ng/L).
7, 15, 16
  Agricultural 
runoff from TBA-implanted cattle manure can exhibit androgenic activity, although it is 
unclear if this bioactivity is attributable to TBA metabolites.
8, 10, 17-19
 Once excreted, these 
metabolites are mobilized in runoff and detected in surface waters, even at concentrations 




  Considering their 
18 
 
potency and widespread use, characterizing the mobilization and transport of TBA 
metabolites in agro-ecosystems is critical to evaluating their ecosystem risk. 
Steroid leaching potential is governed by three processes: excretion in wastes, 
attenuation (e.g., partitioning and microbial transformation) within manure, and leaching.  
For endogenous steroids, such as estradiol and testosterone, these processes are partially 
characterized (e.g., excretion and attenuation),
26-28
 but for TBA metabolites and other 
exogenous manure-derived contaminants, these processes remain poorly characterized.  
Fundamentally, the leaching potential derives from the available concentration on the 
land surface: as excreted concentrations increase, more mass can leach into agricultural 
runoff.  While indirect evidence suggests that TBA metabolite mass excretion varies 
across two orders of magnitude after implantation,
23, 29, 30
 subsequent manure 
concentrations are uncertain.
21, 25
  Furthermore, microbial transformation and partitioning 
to organic carbon prior to leaching reduce leaching potential, and while several studies 
report the occurrence of TBA metabolites in agro-ecosystems,
20-25
 data characterizing 
these processes for TBA metabolites or other steroids are scarce.   
Therefore, our study objective was to characterize TBA metabolite fate and 
leaching potential in rangelands and irrigated pastures.  Specifically, we desired to: 1) use 
a mass balance approach to characterize the TBA metabolite mass available for leaching, 
2) quantify TBA metabolite leaching processes during rainfall and irrigation events, and 





Materials and Methods 
TBA implantation: Hereford/Angus cross heifers and steers (weaned orphaned 
steer-calves [n = 3] or yearling heifers [n = 4], 145-350 kg, 6-18 months old) were 
implanted with Revalor G (40 mg TBA, 8 mg estradiol, used for rangeland cattle) at the 
University of California Sierra Foothills Research and Extension Center (NAD 83 UTM 
10S-645602E, 4345995N), Browns Valley, CA.  Animals were penned in a covered barn 
for manure collection from a precleaned concrete floor.  Each implant released TBA over 
100-110 days per manufacturer estimates, and when needed, animals were re-implanted 
following manufacturer protocols.  Animals were handled in accordance to guidelines 
prescribed by the University of California, Davis Animal Care and Use Committee. 
Metabolite Excretion: We collected manure from three previously un-implanted 
steers (145-190 kg) to quantify TBA metabolite excretion post-implantation.  The steers 
were penned for 24 hour periods prior to sampling and samples collected on days 1, 2, 3, 
4, 7 and every subsequent 10
th
 day post-implantation for 113 days.  At the end of each 24 
hour period, the manure was collected and weighed to measure daily manure production.  
Samples were subsequently homogenized and a 50 mL subsample was frozen for 
subsequent analysis.  TBA metabolites were extracted in triplicate by placing 5 g wet 
weight (g-ww) samples into 50 mL conical centrifuge tubes, adding methanol (25 mL) to 
each tube, then shaken (1 min), sonicated (10 min), centrifuged (3,500 rpm, 10 min), and 
the supernatant decanted into 1 L amber glass bottles.
25
  Each step was repeated three 
times.  After extraction, the combined supernatant (~75 mL) was diluted to 1 L with 
deionized water, spiked with 100 ng 17β-TBOH-d3 isotopic standard in methanol and 
immediately loaded onto 6 mL C-18 solid phase extraction (SPE) cartridges (Restek, 
20 
 
Bellefonte, PA).  If necessary, SPE cartridges were stored in a 1°C refrigerator prior to 
elution and analysis.   
Processing and analytical methods are described elsewhere (see Supporting 
Information (SI) for additional experimental details).
24, 25
 Briefly, SPE cartridges were 
eluted with methanol:water (9 mL, 95:5 v/v).  The eluent was dried, resuspended in 
dichloromethane:methanol (12 mL, 95:5 v/v), purified using Florasil cartridges (6 mL, 
Restek) to reduce organic matrix interferences, and dried to ~1 mL.  The eluent was 
transferred to 2 mL vials, dried under nitrogen, derivatized using MSTFA-I2 (50 μL; 1.4 
mg I2/mL MSTFA), and immediately dried again to remove residual iodine. Finally, 
extracts were resuspended in MSTFA (100 μL), heated at 60°C (40 min), and cooled to 
room temperature prior to analysis.  Samples were analyzed by GC/MS/MS (Agilent 
6890N, Santa Clara, CA, USA; Waters Quattro Micromass spectrometer, Milford, MA, 
USA).  QA/QC measures included field blanks (i.e., rain/irrigation water or manure from 
non-implanted cattle) and laboratory spikes (100 ng TBA metabolites in 1-4 L aqueous or 
5 g-ww manure samples).  All blanks were at or below method limits of detection (i.e., 
<0.5-1 ng/L).  17β-TBOH-d3 recovery averaged 81 ± 6% in all samples (n = 279).  In 
manure samples, 17α-TBOH, 17β-TBOH, and TBO spike recoveries were 125 ± 7%, 107 
± 9%, and 33 ± 9% (n = 4), respectively, the latter indicating that TBO recovery from 
manure is low.  In aqueous samples, 17α-TBOH, 17β-TBOH, and TBO spike recoveries 
were 105 ± 7%, 94 ± 6%, and 80 ± 35% (n = 10).  All samples were collected in triplicate 
and reported confidence intervals represent 95% confidence intervals unless otherwise 
noted.   
21 
 
Metabolite transformation: We estimated in situ transformation rates of TBA 
metabolites by measuring manure concentrations over time.  Manure samples (5 g-ww) 
were incubated (T = 1, 19, or 33° C) in the dark and in direct sunlight in the field.  Sunlit 
samples were placed in a clear plastic container to deflect wind to minimize desiccation.  




Metabolite Leaching: In arid regions such as the western U.S., flood irrigation is 
commonly used to provide forage for livestock.  While irrigation events usually last 6-12 
hours (the time period until fully wetted and runoff equilibrium occurs), we were limited 
by sample numbers so we measured leaching during simulated 3 hour irrigation events to 
define leaching dynamics. Irrigation water supplied by the Browns Valley Irrigation 
District from Collins Lake (pH = 7.6, TOC = 5.7 ± 0.1 mg/L) was slowly applied (8 L/hr) 
to 9 mesocosms filled with 1-2 L manure samples of varying interfacial area (i.e., 120, 
600, or 1,200 cm
2
).  The leachate pooled ~1 cm above the manure, overflowed into 
amber glass containers (4 L), and was collected at 30 minute intervals (see SI for detailed 
descriptions, Figure S1).  The entire sample volume processed was 216 L, and each 4 L 
sample was pressure filtered (0.7 μm AP40 filters, Millipore, Billerica, MA) and 
processed as previously described.  
We measured TBA metabolite leaching during six rainfall events.  Fresh manure 
(1 kg-ww) was suspended ~15 cm above the bottom of 12 L stainless steel pots and 
exposed to rainfall (see SI, Table S1) from January 2011-December 2012.  Samples were 
held within aluminum screen cylinders (23 cm diameter, 5 cm height) that were open on 
the top to allow rainfall to impact the manure surface but prevent extensive rainfall-
22 
 
induced sample erosion (see Figure S1).  The screens also maintained a near constant 
interfacial area (590 cm
2
/kg-ww; top area and sides) exposed to rainfall.  After each 
rainfall event, which lasted from 2-14 hours, the leachate was immediately collected, 
filtered, spiked with 17β-TBOH-d3, loaded onto SPE cartridges and transported to the 
laboratory for processing. 
 
Results and Discussion 
 Metabolite Occurrence: 17α-TBOH manure concentrations peaked at 64 ± 9 ng/g 
dry weight (g-dw; 1 g-ww = 0.17 ± 0.01 g-dw, n = 27, SI) 24 hours after implantation 
(Figure 1).  After 48 hours, measured concentrations dropped to ~40 ng/g-dw and 
steadily decreased to 10 ± 1 ng/g-dw over 113 days.  The reduction in manure 
concentration after 48 hours was linear with time (R
2
 = 0.88) and was modeled as: 
  ( )               (1) 
where Cm(t) is the concentration of 17α-TBOH (ng/g-dw) in fresh manure at t days post-
implantation.  Based on this slope, the 17α-TBOH concentration would reach non-detect 
levels at 137 days, although we did not collect data past 113 days.  These trends are 
consistent with results reported for TBA metabolite concentrations in blood, which 
spiked immediately after implantation and decreased over time but were still detectable 
after 140 days (Figure 1).
29, 30
  17β-TBOH was detected through 7 days post-implantation 
at 1.7-3.8 ng/g-dw, and was only detected sporadically after 7 days at 1.0-3.9 ng/g-dw.  
Similarly, TBO was detected twice at 1.3 and 2.5 ng/g-dw within 4 days post-
implantation.   
23 
 
The manure production of the juvenile steers ranged from 0.6-1.8 kg-dw/day-AU 
over 113 days, was consistent with reported estimates,
27
 and was modeled as follows: 
 ( )               (2) 
where m(t) is the daily manure excretion (kg-dw/AU).  The product of Equations 1 (in 
µg/kg-dw) and 2 describes the mass excretion of 17α-TBOH:  
 ( )                               (3) 
where s(t) is the estimated daily mass of excreted 17α-TBOH (µg/AU).  Integrating 
Equation 3 results in: 
           
                             (4) 
where St is the total 17α-TBOH mass excreted (µg) at t days post-implantation.  For 
example, at 113 days post-implantation, the total 17α-TBOH mass excreted was ~3,200 
µg/AU, which accounts for 9.3% of the total TBA mass in a 40 mg implant.  At 137 days 
(i.e., the estimated no-detect point), ~3,400 µg/AU, or 9.8% of the total implant mass, 
would be expected to have been excreted.  We estimate that 65.5 µg/AU of 17β-TBOH 
and 2.8 µg/AU of TBO also were excreted, which collectively account for ~2% of the 
detected TBA metabolite mass and 0.2% of the implant dose.  Equations 3 and 4, while 
sensitive to estimates of the TBA metabolite concentration and manure production (i.e., 
Equations 1 and 2), describe the total TBA metabolite mass that can enter the 
environment and represent the upper limit of the mass that can be leached assuming 
100% of the mass can be mobilized. 
Overall, the excretion data were similar with reported values.  Schiffer et al. 
reported an initial mass ratio of 17α-TBOH, 17β-TBOH, and TBO of approximately 
94:4:2,
13





However, consistent with agricultural practice, cattle used in this study and Webster et al. 
were implanted intravenously in the ear,
25
 while animals studied by Schiffer et al. were 
implanted intramuscularly.
13, 31
  After 113 days, the same ratio for the total mass excreted 
was approximately 98:2:0 in our study.  Bartelt-Hunt et al. reported a 17α-TBOH:17β-
TBOH ratio of 99:1.
21
  Schiffer et al. also estimated that 8% of the total implant dose is 
excreted as 17α-TBOH at 8 weeks.
13
  At 8 weeks, we estimated 17α-TBOH excretion at 
1,900 µg/AU, accounting for 5.6% of the dose.   
Metabolite Transformation: To evaluate transformation in excreted manure, TBA 
metabolite concentrations were measured over time in 5 g-ww samples as a function of 
temperature and sun exposure.  For all samples except those incubated at 19°C, 17α-
TBOH concentrations were initially 53 ± 5 ng/g-dw.  A separate experiment was 
conducted to evaluate transformation at 19°C, during which, the initial sample 
concentration was 11 ± 0.3 ng/g-dw 17α-TBOH.  For the 1 and 33°C treatments, 17α-
TBOH concentrations dropped to 22 ± 6 ng/g-dw and 5 ± 4 ng/g-dw, respectively, after 
five days, while concentrations dropped to 4 ± 2 ng/g-dw at 19°C (Figure 2).  
Concentrations followed apparent first-order decay kinetics with in situ 17α-TBOH 
transformation rate constants at 1, 19, and 33°C of 0.17 ± 0.08/d, 0.26 ± 0.09/d, and 0.44 
± 0.07/d, corresponding to half-lives of 4.1, 2.7, and 1.6 days, respectively  (Figure 2).  
Reported half-lives for TBA metabolites vary widely depending on environmental 
conditions, but for aerobic soils, reported half-lives range from <0.2-25 days, and these 
data are especially similar to ~0.2-3.3 day half-lives reported for aerobic agricultural soils 
(i.e, matric potential of -0.03 to -1 MPa and T = 5-35°C).
13, 25, 32, 33
 Therefore, in situ 
25 
 
transformation was likely aerobic, although the redox state of manure samples was not 
measured. 
For sunlit samples, 17α-TBOH concentrations dropped from 53 ng/g-dw to 24 ± 9 
ng/g-dw over 24 hours, with little further loss evident, thus precluding estimation of 
transformation rates (Figure 2).  Transformation was likely inhibited by low moisture 
conditions.  The average initial moisture content was 84 ± 2% in both incubated and 
sunlit samples.  After 24 hours, the sunlit samples were qualitatively similar in texture 
and appearance to oven-dried samples, with no similar drying observed for dark 
incubated samples. Therefore, in dried samples, 17α-TBOH is stable for at least five 
days, suggesting that persistence of TBA metabolites is increased in arid conditions; 
however, we did not assess whether the moisture content of manure affected subsequent 
leaching.  Consistent with these observations, low moisture conditions (e.g., air dried 
samples) are reported to increase 17α-TBOH persistence in soils.
33, 34
 In all treatments, 
17β-TBOH and TBO concentrations fluctuated considerably over the five days.  
Concentrations of 17β-TBOH ranged from 75-185% of initial concentrations (2.4 ng/g-
dw), while TBO was 62-155% of initial concentrations (i.e., 0.8 ng/g-dw), suggesting 
complex transformation dynamics for these metabolites.  
Metabolite Leaching: We used mesocosms containing fully submerged manure 
samples with a defined bulk interfacial surface area to quantify leaching during simulated 
irrigation.  Consistent with data for other manure-derived contaminants and theory,
35-39
 
the mass leached increased as interfacial area (i.e., 120-1200 cm
2
) increased and also 
increased with higher initial 17α-TBOH concentrations.  After 3 hours of irrigation (24 
total L), the area-normalized 17α-TBOH mass leaching was 0.052 ± 0.001 ng/cm
2





 for initial concentrations of 24 or 63 ng/g-dw, respectively (Figure 3). 
Other TBA metabolites were infrequently detected in leachate. In samples with 1.4 ± 0.2 
ng/g-dw 17β-TBOH initially, 17β-TBOH was sporadically detected at 1.2-1.8 ng/L, 
while TBO was not detected in these samples.  Therefore, we believe that 17β-TBOH and 
TBO are likely to only occur sporadically at low concentrations in agro-ecosystems, and 
the ecological risk associated with TBA use derives primarily from 17α-TBOH 
mobilization. 
The highest leaching potential occurs when manure is fully submerged, thereby 
exposing maximal interfacial area.  With a density of 1.0 kg-ww/L (n = 28, Table S1) and 
assuming cylindrical geometry (3 cm height, 10.3 cm radius) for a 1 kg-ww manure 
sample, the estimated bulk surface area is ~860 cm
2
.  Therefore, we predict that 17α-
TBOH mass leaching from a fully submerged 1 kg-ww sample over 3 hours would be 44 
and 129 ng for initial concentrations of 24 and 63 ng/g-dw, respectively.  As adult 
animals excrete ~40 kg-ww/d (6.8 kg-dw) of manure daily,
27
 and assuming complete 
submersion, we predict 1,200-5,200 ng/AU of 17α-TBOH leaching over 3 hours of 
irrigation (see SI and Figure S2 for leaching comparison between 17α-TBOH and N, P, 
total organic carbon, total coliforms, and E. coli).   
 To evaluate leaching during rainfall, 1 kg-ww manure samples were exposed to 
six rainfall events (Table 1).  The 17α-TBOH mass in rainfall leachate (0.3-1.4 L per 
event) ranged from 5-1,800 ng/kg-ww (9-1,300 ng/L in leachate) and was most correlated 
with rainfall intensity (r = 0.98, P < 0.001) and depth (r = 0.72, P < 0.001), but not storm 
duration (r = -0.12, P = 0.64).  Surprisingly, dilution effects from larger storms were 
unimportant relative to the increased mass leaching potential because leachate 
27 
 
concentrations consistently increased as both rainfall depth and storm intensity increased 
(Table 1).  Similar to irrigation leaching, the mass leached was correlated with the initial 
17α-TBOH concentration (r = 0.77, P < 0.001).  Relative to irrigation, we believe that the 
increased leaching during rainfall is an effect of increasing physical erosion processes 
that occur as rainfall induces particle generation and increases overall interfacial surface 
areas.
40, 41
 As surface particles erode, additional interfacial area is exposed, thereby 
increasing mass leaching potential. 
The area-normalized leaching of 17α-TBOH during rainfall ranged from 0.012-
6.1 ng/cm
2
 (Table 1).  For simulated irrigation experiments, the area-normalized mass 
leached ranged from 0.052-0.15 ± 0.001 ng/cm
2
.  While the maximum area-normalized 
rainfall leaching was over 40 times higher than observed data for irrigation, these 
comparisons are complicated by different initial concentrations.  Normalizing by both 





]/[ng/g-dw]) while the normalized rainfall leaching was 
0.0016-0.21 g-dw/cm
2
.  As a first approximation, the data suggests that with the 
exception of low intensity rainfall events, the leaching potential is higher, by as much as 
two orders of magnitude, during rainfall events compared to irrigation events, which is 
consistent with data reported for other agricultural contaminants, including 
Cryptosporidium, phosphorus, and nitrogen.
39, 42, 43
  
Modeled Leaching: To describe the leaching dynamics during irrigation, we 
applied a mechanistically-derived one-dimensional diffusion model developed for 
contaminant diffusion from sediments
44
 to TBA metabolite leaching from manure: 
28 
 




   
    
     (5) 
where L(t) is the area-normalized mass leached (ng/cm
2
), Cw is the in-situ aqueous 
equilibrium concentration (ng/cm
3
), D is the steroid diffusivity (cm
2
/s), f is the dissolved 
fraction of TBA metabolites (unitless), φ is the porosity (unitless), and t is the contact 
time for exposure (s).  Each model parameter is easily measured, estimated, or obtained 
from published literature (see SI for parameter estimation, Table S1), and we note that 
these parameters were all derived independently of the irrigation leaching data.
45-47
 
 We used a Monte Carlo analysis (n = 10,000 iterations) of the diffusion model to 
evaluate the expected bounds of the model, test the null hypothesis that there was no 
statistical difference between observed and modeled leaching, and simplify model 
constants.  The bounds of the diffusion model were assessed by selecting a random value 
within the measured, calculated, or reported range for each variable (Table S1) to solve 
Equation 5 for any input concentration (e.g., 24 and 63 ng/g-dw).  We then plotted the 
maximum, minimum, and the outer 5% of all iterations and compared this to the observed 
irrigation leaching data (Figure 3).  Qualitatively, if the observed data were within the 
rejection region (i.e., outside the expected bounds or within the outer 5% of all 
iterations), the null hypothesis would be rejected (P < 0.05).  When the observed data 
were compared to model data, somewhat surprisingly, we observed excellent agreement 
between the data (Figure 3), which were all outside of the rejection region, indicating that 
no statistical difference between the observed and modeled data existed (P = 0.58-0.71 
for 24-63 ng/g-dw, respectively; see SI for statistical procedures, Figure S3).  This 
analysis suggests that TBA metabolite leaching from manure under irrigation conditions 
29 
 
is a diffusion-dominated process.  Because the observed and modeled leaching were 
independent (i.e., no leaching data were used to build the model), the diffusion model 
was used to describe 17α-TBOH leaching dynamics. 




   
  (from 
Equation 5), which is a constant for a given contaminant within a given media (e.g., soil, 
manure, etc.), was 0.0065 ± 0.0014 cm/s
0.5
 (see SI for derivation).  Similarly, because the 
manure concentration (Cm; ng/g-dw) is typically reported instead of the equilibrium in 
situ aqueous concentration (Cw; ng/cm
3
), we computed Cw as a function of Cm for each 
iteration.  The equilibrium sample concentration can be expressed as: Cw = (0.0034 ± 
0.0007 g-dw/cm
3
)*Cm, where Cm is the average concentration at any time post-
implantation (Figure S4).  We assumed that irrigation flow does not affect interfacial area 
and “clean” irrigation water maintains a near maximum concentration gradient.  
Therefore, Equation 5 can be simplified and the area-normalized mass leached during 
irrigation (Li) can be described by a single variable Cm: 
  ( )         
     
    (6) 











).  Webster et al.
25
 developed the following expression to describe the 
concentration of 17α-TBOH on an agricultural land surface, normalized per AU, at any 
time post-implantation: 
  ( )    
 
  
∑   
 




where St is the total predicted metabolite mass excreted/AU (Equation 4), k is the first-
order rate constant for post-excretion decay (Figure 2), and Mt is the cumulative manure 
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mass excreted/AU by time t (integral of Equation 2).  Combining Equations 6 and 7 
yields:  
  (     )           
  (
 
   
∑    
 
     (   |
 
  
))   
            (8) 
where Li is the area-normalized mass leached from samples as a function of time post-
implantation (tx, days) and the time the sample is exposed to water (ty, s) (Mt and St are 
expressed only in terms of tx).  Multiplying Equation 8 by the estimated interfacial area 
yields the total mass leached per AU at tx days post-implantation following ty seconds of 
irrigation (seconds were used for irrigation duration for consistency with diffusivity units 
[i.e., cm
2





interfacial area based on the moisture content (i.e., 83 ± 1%, n = 27).  In a worst case 
scenario, manure from TBA-implanted animals is completely submerged (i.e., 860 
cm
2
/kg-ww interfacial area), irrigation occurs over 12 hours, and transformation is slow 
(i.e., k = 0.17/d).  Using this scenario, a maximum 17α-TBOH leaching potential of 
~4,700 ng/AU at 30 days post-implantation is predicted, which describes a point of 
maximum mass accumulation on the land surface (Figures 4, 5). Subsequently, as 17α-
TBOH mass on the land surface decreases with reduced excretion the leaching potential 
decreases.  On average, the predicted leaching potential of 17α-TBOH from fully 
submerged manure during a 6-12 hour irrigation event on any day post-implantation (t = 
1-113 days) with relatively slow transformation (k = 0.17/d) is 3,100 ± 300 ng/AU 
(Figure 5).  At  higher temperatures, as transformation rates increase (k = 0.44/d), the 
average leaching potential declines to 1,400 ± 150 ng/AU (Figure 5). 
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 While Equations 5-8 mechanistically describe leaching via diffusion, empirical 
data (Equations 1 and 2) were used as inputs; therefore, the accuracy of the diffusion 
model is strongly tied to the accuracy of the empirical expressions describing TBA 
metabolite concentrations in manure (Equation 1) and daily manure production (Equation 
2).   The regression model describing the 17α-TBOH concentrations fit the data well 
(Figure 1), and measured manure production and apparent first-order transformation rate 
constants were consistent with reported data,
27, 33
 all suggesting that diffusion model 
inputs and therefore outputs were relatively robust.  Also, model inputs were easily 
obtained or estimated, indicating that this method of quantitatively estimating leaching 
dynamics can be easily extended to other steroidal compounds or other manure-derived 
contaminants such as antibiotics and other pharmaceuticals. 
 For rainfall events, we estimated the average and maximum rainfall intensity, 
storm duration, and rainfall depth using the five closest NOAA rain gages (Table S2).  
17α-TBOH leaching during rainfall was highly correlated with rainfall intensity, depth, 
and manure concentration (i.e., R > 0.7; Table 1).  As no mechanistic approaches were 
identified as suitable for these data, we evaluated three different empirical regression 
models based on rainfall depth, intensity, and manure concentration to approximate the 
TBA metabolite leaching during rainfall events.  The following power-law relationship, 
consistent with approaches used to describe leaching during rainfall events,
48
 was most 
reasonable (R
2
 = 0.79; see SI for model comparisons and selection): 
        (   )
      (9) 
where Lr is the 17α-TBOH  mass leached during rainfall events (ng/kg-dw), D is the 
rainfall depth (cm), and Cm is the 17α-TBOH concentration in manure (ng/g-dw).  The 
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residuals of the model were normally distributed (Shapiro-Wilk normality test, P = 0.43), 
and the data were linear when log-log transformed (i.e., log Lr and log (D*Cm)) both 
suggesting model validity.  Conceptually, a power model is reasonable because the mass 
leached should converge to zero as both rainfall depth and concentration approach zero. 
While the correlation coefficient between mass leached was greater with intensity than 
with rainfall depth (i.e., r = 0.98 vs. r = 0.72, Table 1), we chose this model over others 
because rainfall depth is easier to estimate a priori for a particular event than rainfall 
intensity.  We incorporated Equation 9 into Equation 7 to obtain:  
  (    )         ( 
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 (10) 
where Lr(tx, D) is the 17α-TBOH mass leached from manure (ng/kg-dw) as a function of 
time post-implantation (tx, days) and the rainfall depth (cm), and all other variables are as 
described before.  Multiplying Equation 10 by the manure production yields the total 
mass leached (ng/AU) at tx days post-implantation following a rainfall event of D cm 
(Figure 4). 
For rainfall events, leaching dynamics appear to be more sensitive to manure 
concentrations, as opposed to the total mass accumulation on the land surface as for 
irrigation (Figure 5).  Due to differences in temperature and thus transformation kinetics, 
TBA metabolite concentrations in samples are highest when temperatures are low.  
Therefore, the greatest leaching potential occurs when transformation rates are low (e.g., 
0.17/d).  In Central California, a majority of precipitation falls as rain from October-
April.  Assuming 1°C temperatures and concurrent transformation rates during this 
period, the maximum leaching potential occurs at 20 days post implantation, peaking at 
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22,000 ng/AU during a 5 cm event.  During warmer periods (i.e., 33 and 19°C) with 
faster transformation, the leaching potential peaks at 10,100-15,300 ng/AU at 5 and 10 
days post-implantation, respectively, for the same rainfall event.  While the maximal 
leaching potential peak varies depending on implied transformation rates, we also 
estimated the average leaching potential for any day post-implantation at any 
transformation rate (i.e., 1-33°C).  The estimated average leaching potential for large 
storms (5 cm) was 10,300 ± 1,300 ng/AU, while for small storms (1 cm), the estimated 
leaching potential was 1,600 ± 200 ng/AU (Figure 5).  
Mass Balance Implications: Relative to the total implant mass (3.46 x 10
7
 ng 17α-
TBOH equivalent), our data indicate that 9.3% (3.24 x 10
6
 ng/AU) is excreted as TBA 
metabolites onto the land surface over 113 days (Figure 5).  Following transformation 




 ng/AU) of the total 
excreted mass accumulates on the land surface as 17α-TBOH. Considering subsequent 
mobilization from this accumulated mass, we expect leaching of 0.0048-0.030% (1.66 x 
10
3
 and 1.03 x 10
4
 ng/AU) of the total implant dose for 1-5 cm storm events, or 0.00410-




 ng/AU) for a 9 hour irrigation event.  While exact values 
remain uncertain, no observed effects levels for TBA metabolites are likely near 1 
ng/L.
12, 49, 50
 This suggests that a minimum of 1,400-10,300 L/AU of dilution water is 
needed to maintain concentrations below no-effects levels during irrigation and rainfall 
events.  While experiments were targeted to conditions specific to rangelands and 
irrigated pastures (i.e., animals implanted with 40 mg TBA implants), the relative rates of 
excretion, transformation, and leaching should apply to animals implanted with different 
doses (e.g., 200 mg TBA; Figure 1, Figure 5) in different agro-ecosystems.  For example, 
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for cattle implanted with Revalor-200 (200 mg TBA, 20 mg estradiol, for use on confined 
animals), we could expect an average of ~51,000 ng/AU 17α-TBOH leaching from a 5 
cm rainfall event.  Despite the limitations of Equations 8 and 10 derived from incomplete 
mechanistic characterization, both are powerful tools for predicting TBA metabolite 
leaching in different agricultural systems (e.g., rangelands, irrigated pasture, and feed 
lots) under varying operating conditions (e.g., different stocking densities, TBA implant 
dose, irrigation duration, etc.). 
Equations 8 and 10 were developed to explicitly describe the leaching potential of 
a single leaching event relative to the implantation date and implicitly assume that 
leaching is independent of previous events.  For example, while ~4,000 ng of 17α-TBOH 
can leach from manure during irrigation events that occur on either 30 or 31 days post-
implantation (Figure 5), 8,000 ng is unlikely to leach following irrigation events that 
occur on both 30 and 31 days post-implantation because leaching is partially dependent 
on mass accumulation from previous days.  However, these approaches can be used to 
describe leaching from events in series given enough time lapse between events.  When 
transformation rates are relatively high (i.e., k = 0.44/d), less than 5% of the mass on the 
land surface is older than 5 days at any time post-implantation.  With lower 
transformation rates (i.e., k = 0.17/d), less than 5% of the mass on the land surface is 
older than 9 days.  Therefore, after 5-9 days, leaching events are largely independent of 
previous events and accurate predictions of leaching potential can be derived.  This is 
particularly relevant to irrigated pasture systems where irrigation events generally occur 
at regular intervals of 10-14 days depending on temperature. 
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During summer months, when the half-life is relatively short (e.g., 38 hours at 
33°C), transformation processes greatly reduce the leaching potential for TBA 
metabolites during irrigation. Over the post-implantation period, the average 
concentration of 17α-TBOH in fresh manure is 22 ng/g-dw (Figure 1).  Accounting for 
subsequent transformation (Equation 7, assuming 33°C, k = 0.44/d), the average 17α-
TBOH concentration drops to 4 ng/g-dw.  Therefore, transformation reduces the 
leachable mass by 80%.  Removing cattle from irrigated pastures 38 hours prior to 
irrigation would further reduce the available mass by 50%.  In contrast, when cattle have 
direct access to receiving waters and direct manure-water contact occurs, the leaching 
potential increases by >500% because manure is completely submerged for extended 
periods of time with no opportunity for transformation. Using an average concentration 
of 22 ng/g-dw, up to 4,900 ng/d of 17α-TBOH can leach into receiving waters per animal 
in this scenario (Figure 1, Equation 8). 
Our results indicate that on average, the potential for TBA metabolite 
mobilization is highest for rainfall.  While management might be targeted to managing 
stormwater runoff instead of irrigation runoff, mobilization risk and transport risk need to 
be evaluated independently.  For example, during irrigation, the highest concentration of 
TBA metabolites is likely contained within the “first flush”, which is concurrent with 
higher infiltration rates into the subsurface and consistent with expectations for diffusion-
limited mechanisms.  Conversely, during rainfall events, higher mobilization occurs 
during intense rainfall when rainfall rates exceed infiltration rates, thereby facilitating 
overland transport in storm runoff.  Depending on surface and subsurface characteristics 
(e.g., organic carbon content), the risk associated with TBA use can vary considerably 
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depending on the route of subsequent environmental transport. To effectively evaluate the 
ecological risk of TBA use in agro-ecosystems and the effect of management practices, 
additional studies should evaluate the subsequent fate and transport of TBA metabolites 
in surface and subsurface systems after leaching occurs. 
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Measured 17α-TBOH manure concentrations (ng/g-dw, closed circles, 40 mg TBA, 8 mg 
estradiol, primary-y axis) and reported 17β-TBOH blood serum concentrations (pg/mL, 
open squares, 200 mg TBA, 0 mg estradiol; open triangles, 140 mg TBA, 8 mg estradiol; 
secondary-y axis; Henricks et al. 1997)30 from animals implanted with various TBA 
implants.  The best fit regression line describes the daily manure concentrations of fresh 
manure from 2-113 days (solid line; Equation 1).  After 137 days, the manure 
concentration is expected to be below detection levels (dotted line).  The insert depicts 
the average 17α-TBOH concentration in manure at any day post-implantation from 
animals implanted with 40 mg TBA (modeled using Equation 7).  Error bars represent 





Observed 17α-TBOH transformation in manure as a function of time.  Initial 17α-TBOH 
concentrations were 53.1 ng/g-dw except the 19°C samples (10.9 ng/g dw).  The data 
were linear following natural log transformation (insert).  Error bars represent 95% 





Observed (open circles/squares) and modeled (lines) area-normalized mass leaching 
(ng/cm
2
) of 17α-TBOH at (a) 24 ng/g-dw and (b) 63 ng/g-dw initial concentrations. 
Inputs for modeled data were independent of the observed leaching data. The dashed 
lines represent the minimum and maximum output of the Monte-Carlo simulation (n = 
10,000 iterations).  The shaded region between dashed and dotted lines represents the 
outer 5% of the probability distribution, where the probability of being different from the 
average modeled leaching (solid line) is P < 0.05.  The unshaded region between the 





Modeled leaching of 17α-TBOH (ng/animal unit [AU]) from manure accumulated on the 
land surface following 1-12 hours of irrigation (a; Equation 8, k = 0.17/d) or 0-5 cm of 
rainfall (b; Equation 10; k = 0.17/d) at any time post-implantation.  Note different y-axis 





Mass balance of 17α-TBOH (40 mg TBA dose) as a function of time post-implantation in 
ng/AU (primary y-axis) and % of the total implant mass (secondary y-axis).  The upper 
and lower “post transformation” lines account for low and high transformation rates (i.e., 
k = 0.17/d and k = 0.44/d) and bound the mass that accumulates in manure on the land 
surface (Equation 7).  Similarly, the irrigation leaching range represents the mass 
leaching from a 9 hr irrigation event and account for low and high transformation rates 
(Equation 8).  The rainfall leaching lines represent leaching from 5 cm or 1 cm rainfall 




Leaching data observed during rainfall.  Regression models were based on initial 17α-
TBOH concentrations, the maximum rainfall intensity (Max. I), the average rainfall 
intensity (Avg. I), the storm duration (Dur), and the rainfall depth.  Storm variables 
were calculated only for the time manure was exposed to rainfall. Pearson correlations 
(r) between 17α-TBOH and each independent variable are included.  Confidence 


























6/6/11 170 ± 50 0.40 39.3 0.64 0.25 14 3.6 
10/4/11 14 ± 4 0.034 4.6 0.25 0.17 7 1.2 
1/19/12 5 ± 3 0.012 7.4 0.06 0.04 11 0.4 
2/29/12 49 ± 8 0.12 27.5 0.29 0.18 3 0.4 




6.2 29.1 1.85 1.66 2 5.0 
r 
 
  0.77** 0.98** 0.98** -0.12 0.72** 
*concentration not measured 
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Materials and Methods  
Chemicals: 17α-TBOH (17α-hydroxyestra-4,9,11-trien-3-one), 17β-TBOH (17β-
hydroxyestra-4,9,11-trien-3-one), and TBO (estra-4,9,11-trien-3,17-dione)  were obtained 
from Steraloids (Newport, RI).  Deuterated 17β-TBOH (d3-17β-hydroxyestra-4,9,11-
trien-3-one) was obtained from the BDG Synthesis (New Zealand) and was used for 
isotope dilution recovery correction for all TBA metabolites.  HPLC-grade solvents were 
obtained from Fisher Scientific (Pittsburgh, PA).  Derivatization grade N-methyl N-
trimethylsilyl-triflouroacetimide (MSTFA) and I2 (99.999% purity) were obtained from 
Sigma Aldrich (Milwaukee, WI). Complete descriptions for other experimental details 
can be found in Parker et al. (2012) and Webster et al (2012).
1, 2
  
 Irrigation Leaching Mesocosms:  Irrigation leaching mesocosms consisted of 
aluminum trays of three different areas (i.e., 120, 600, or 1200 cm
2
) filled with 1-2 L 
manure samples evenly distributed across the bottom of each tray.  Irrigation water was 
applied at a rate of 8 L/hr through PVC pipes in series to each tray.  The total demand to 
the pipe system was 72 L/hr (9 trays x 8 L/hr), but the total flow through the pipe system 
was ~100 L/hr.  The excess water flowed out of the system through an overflow pipe, 
which was the highest elevation of the system at ~25 cm above each tray.  Because water 
continuously flowed out of the overflow pipe, the water level at this point (i.e., ~25 cm) 
effectively fixed the pressure head throughout the entire system, and because we 
controlled the flow to each tray through individual valves, the flow to each tray was 
constant throughout the duration of the experiment, despite fluctuations in pressure from 
the feed irrigation water (Figure S1). 
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In addition to TBA metabolites, irrigation leaching samples were analyzed for 
ammonia, nitrite, nitrate, orthophosphate, total coliforms, E. coli, and total organic carbon 
using standard approaches.  Following filtration with a 0.7 µm glass fiber filter sample 
(see text), aliquots of the 4 L leachate samples were filtered through an additional 0.45 
µm glass fiber vacuum filter. TOC samples were acidified to pH = 2 using phosphoric 
acid and analyzed using a Shimadzu TOC combustion analyzer. Ammonia, ammonium, 
nitrite, nitrate, and orthophosphate were analyzed using flow injection analysis on a 
Lachat Quickchem 8500 auto analyzer.  Total Coliform and E. coli samples were 
collected in sterilized 120 mL plastic vessels purchased from IDEXX Laboratories.  MPN 
concentrations were determined using the ‘Colilert’ defined substrate method from 
IDEXX. The IDEXX 51 well trays were filled with 100 mL of diluted sample (1:100,000 
dilution) mixed with the ‘Colilert’ synthetic media, sealed using the Quanti-tray
TM
 sealer, 
and incubated at 35 °C for 24 hours. Positive detect wells were counted and compared 
with standard Quanti-tray
TM
 MPN tables. 
 
Results and Discussion 
 Diffusion Model Parameter Estimation:  Using mechanistic approaches first 
derived for sediment systems, we assumed manure could be modeled as saturated porous 
media and used the following one-dimensional diffusion model to describe the mass flux 
of TBA metabolites from manure: 




   
    
    (1) 
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where L(t) is the area normalized mass leached (ng/cm
2
), D is the effective diffusivity of 
TBA metabolites in manure (cm
2
/s), f is the dissolved fraction of TBA metabolites, φ is 
the porosity (Vvoids/Vtotal), Cw is the aqueous equilibrium concentration of steroids in 
manure (ng/cm
3
), and t is time (s).
3




/s): The effective diffusivity of 17α-TBOH in fresh-manure was estimated from 
the free diffusivity in water (Dw).  We used three empirical formulas to estimate 
Dw in water at a minimum (T = 0°C) and maximum (T = 37°C) temperature.  
These formulas are as follows: 
   
    (    )
        
 (2; Othmer and Thakar, 1953)
4
 
   
   (    )(    )    
     
 (3; Wilke and Chang, 1955)
5
 
   
     (    )
          
 (4; Hayduk and Laudie, 1974)
6
 
where µ is the viscosity (centipoise), V is the molar volume (cm
3
/g), and T is 
temperature (°K).  We assumed that fresh manure was fully saturated with water 
and used the following equation to estimate the effective diffusivity: 
     
 
  (5; Millington and Quirk, 1961)
7
 
φ (%): We estimated φ by oven drying 5 ml of fresh manure at 105° C for 24 hours and 
dividing the difference between the wet and dry manure (i.e., the volume of water 
assuming 1 g = 1 cm
3
) by the total volume (i.e., 5 ml).  The water content of fresh 
manure ranged from 0.81-0.86 and was 0.83 ± 0.01 (± 95% confidence interval) 
on average (n = 27). 
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f (%):  The dissolved fraction of TBA metabolites in manure  was calculated as follows:  
  
 
     
 (6) 
where KD is the solids to water partitioning coefficient (cm
3
/g), which was 
estimated using the 17α-TBOH partitioning coefficient to organic carbon (i.e., 
Koc)
8
 and the fraction of organic carbon (foc).  We estimated foc based on the 
fraction of organic matter (fom) in manure using ASTM method D2974-07a (loss 
on ignition) and using the Van Bemmelen factor (i.e., foc = 58% fom).  The fraction 
of organic matter in dried fresh-manure ranged from 0.77-0.85 and was 0.81 ± 
0.01 on average (n = 27). 
r is the ratio of solids to water (g/cm
3
) and was calculated as follows: 
   
   
 
 (7) 
where ρ is the dry manure density (g/cm
3
), which we estimated by oven drying 5 
ml of wet manure at 105° C for 24 hours and dividing the dried mass by the total 
volume (i.e., 5 ml).  The density of dry manure ranged from 0.14-0.21 g/cm
3
 and 
was 0.18 ± .01 g/cm
3
 on average (n = 27) and the density of wet manure ranged 
from 0.90-1.17 g/cm
3
 and was 1.03 ± 0.01 g/cm
3
 on average (n = 28). 
Cw: The concentration gradient between the irrigation water and the aqueous equilibrium 
concentration within the manure was considered the driving force for leaching 
during irrigation.  The concentration gradient was the difference between the 
equilibrium concentration in the manure and the concentration of the irrigation 
water.  Because we never detected TBA metabolites within the provided irrigation 
water, the concentration gradient was simply the equilibrium concentration of 
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TBA metabolites within the manure.  We estimated the aqueous concentration in 
manure using the following mass balance: 
             (8) 
where St is the total metabolite mass excreted in a sample (ng), Cw is the aqueous 
equilibrium concentration of TBA metabolites within the sample (ng/cm
3
), Vw is the 
sample volume of water in manure (cm
3
), Cs is the solid concentration of metabolites 
(ng/g-dw), and Ms is the mass of solids in manure (g-dw).  For a 1 g-dw sample, the 
previous mass balance can be written as: 
             (9) 
where Cm is the TBA metabolite concentration in manure (ng/g-dw).  It should be 
noted that Cm and Cs have the same units (i.e., ng/g-dw) but do not represent the 
same parameter.  Cm describes the total mass of TBA metabolites, both dissolved 
and sorbed, in fresh manure that has been dried and Cs describes the mass of TBA 
metabolites that are sorbed to solids resulting from equilibrium partitioning.  KD 
and Cw were substituted into Cs (i.e., Kd*Cw = Cs) and the equation was 
rearranged and solved for Cw as follows: 
     (
 
       
) (10) 
This form is advantageous for substitution into the diffusion model because the 
Cm is often reported in the literature while Cw is not.  The volume of water in 1 g-
dw equivalent of fresh manure (~5.88 g-ww) can be described as follows: 
      (  )  
   (  )
(   )  (  )
 
      
   (  )
 
        




Each grouping represents a unit conversion.  For example, in the second group, 1 
g-ww of manure is equivalent to 1-φ g-dw of manure (~0.17 g-dw), and in the 
third grouping, 1 g-ww of manure is equivalent to φ g of water (~0.83 g water), 
etc.  Therefore, the aqueous concentration of TBA metabolites in manure can be 
written as follows: 
     (
 
 
(   )
     
) (12) 
We used a Monte Carlo simulation (n = 10,000, see below) to estimate Cw based 
Cm ranging from 0-70 ng/g-dw (4-64 ng/g-dw was observed in experiments) by 
selecting random values from within the measured, calculated, or reported range 
of each independent variable (Table S1).  The average product of (
 
 
(   )
     
) 
was 0.0034 ± 0.0007 g-dw/cm (± stdev; Figure S3).  Therefore, we simplified the 
mass balance to describe Cw as follows: 
            (13) 
This mass balance was used to simplify the 1-D diffusion model. 
  




   
  is a 
constant for a given contaminant within a given media.  We used the Monte Carlo 





   
  obtained from the simulated leaching experiment was statistically different 




   
  from the each simulated-
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irrigation leaching experiment by dividing the area normalized mass leached (L) at each 
time point by Cw and t
1/2
.  For 17α-TBOH sample concentrations of 24 and 63 ng/g-dw, 




   
  was 0.0055 and 0.0070 cm/s0.5, respectively.  Based on 
the Monte Carlo simulations, the average value was 0.0065 cm/s
0.5
.  We created a 





   
 , from each iteration, was less than a particular value of x, namely 
0.0055 and 0.0070 cm/s
0.5
.  The cumulative probability (Pc) that a random value is ≤ x 
ranges from 0 < P ≤ 1 and can be described as follows: 
   
              
      
 (14) 




   
  for all 10,000 iterations (i.e., 
0.01 cm/s
0.5




   
  is ≤ x 




   
  
for all 10,000 iterations (i.e., 0.003 cm/s
0.5
), the cumulative probability that a randomly 




   
  is ≤ x is 0.0001 (i.e., P = 1/10,000).  Therefore, the cumulative 




   
  is less than the average value (i.e., 
0.0065 cm/s
0.5
) is 0.5 since 50% of the observations are below and 50% of the 




   
  
is statistically different from the average can be described as follows: 
   (    |      |) (15) 
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 For example, for a particular value x with Pc = 0.5 (i.e., x = the mean value), P = 
1.0000, and we would fail to reject the null hypothesis (i.e., there is no difference 




   
 ).  For Pc < 0.025 or Pc > 0.975 (i.e., the upper 
and lower 2.5% of all 10,000 observations), P < 0.05, and we would reject the null 
hypothesis in favor if the alternative hypothesis (i.e., there is a difference between x and 




   
 ).  For 0.0055 and 0.0070 cm/s0.5, Pc = 0.2884 and 0.6461, 





   
  from both leaching experiments and the mean value from all 10,000 
iterations (i.e., 0.0065 cm/s
0.5
) is P = 0.5768 (for 24 ng/g-dw) and P = 0.7078 (for 63 
ng/g-dw).  Because there was no statistical difference between the observed and modeled 
leaching (i.e., P > 0.05), and because the observed and modeled leaching were 
independent (i.e., no leaching data was used to build the model), the diffusion model was 
deemed appropriate to describe 17α-TBOH leaching.   
 Rainfall Leaching Model:  Rainfall leaching was highly correlated with rainfall 
intensity, TBA metabolite concentration, and rainfall depth (see main text).  Because 
rainfall leaching is inherently correlated with both the sample concentration as well as 
some rainfall metric, each model contains two independent variables describing a 
particular storm event and the concentration.  More variables were not used to prevent 
over-parameterization of the model.  Given the absence of available mechanistic 
approaches, we evaluated three empirical regression models to describe the mass of TBA 
metabolites that could leach (ng/kg-dw) during rainfall events (Lr): 
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   (  (    ))                      (16); R
2
 = 0.97 
        (   )
         (17); R
2
 = 0.88 
        (   )
         (18); R
2
 = 0.79 
where I is the maximum hourly rainfall intensity (cm/hr), Cm is the TBA metabolite 
concentration in manure (ng/g-dw), and D is the rainfall depth (cm).  While each model is 
empirical, we evaluated the models based on two criteria: does the model make physical 
sense, especially at the environmental limits of each independent parameter, and which 
model is the most parsimonious.  Because the mass leached during rainfall events varied 
across three orders of magnitude (i.e., 5-1,800 ng), we log transformed the leaching data 
to prevent extreme events from driving the multiple linear regression model (equation 
16).  While equation 16 accounted for the greatest variability within the dataset, the mass 
leached is always greater than 0 ng, regardless of the value the rainfall intensity and 
concentration.  It is also particularly sensitive to high rainfall intensities, especially when 
concentrations are low.  For example, at 0.1 ng/g-dw, but the intensity is 2.5 cm/hr, the 
mass leached is 8 ng.  For a 5 cm/hr intensity, the mass leached is 6,500 ng/g-dw.  The 
model is less sensitive when concentration is high but intensity is low.  Equation 16 over 
estimates the mass that can leach when both concentration and intensity are low, which is 
of particular concern since the average concentration of TBA metabolites falls relatively 
quickly following implantation (see text).  While equation 16 fit the data well, it did not 
make physical sense for low values of intensity and concentration and was therefore 
removed for model consideration. 
Power-law relationships have been used to describe contaminant leaching during 
rainfall events.
7
 Therefore, we developed two power models to describe leaching based 
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on the concentration and intensity or the concentration and rainfall depth.  In order to 
ensure that the mass leached approached zero ng as either independent variable 
approached zero, we generated a single composite variable that was the product of the 
maximum hourly rainfall intensity and the sample concentration.  While both models 
(equations 17 and 18) approach 0 ng leached as either independent variable approaches 
zero, the rainfall intensity in equation 17 is more difficult to estimate accurately than 
rainfall depth.  While the intensity can be estimated from depth using SCS storm curves 
based on the storm type (e.g., I, Ia, II, and III) and storm duration (e.g., 6, 18, or 24 hour 
storm), we considered equation 18 to be more parsimonious despite the lower R
2
 value 
because it measures the leachable mass directly.  Equation 18 was therefore deemed more 
suitable than the equations 16 and 17 because: 1) the mass leached approaches zero as 
either rainfall depth or concentration approach zero, and 2) rainfall depth is easier to 





Irrigation (a and b) and rainfall (c) leaching mesocosms.  Irrigation water was applied to 
each tray (1,200 cm2 [a] and 120 and 600 cm
2
 [b]) at a rate of 8 L/hr (as seen in [a] and 
[b]).  The leachate from each mesocosm overflowed directly into 4 L amber glass bottles.  
The pressure head of the system was fixed by an overflow pipe (b) which was the highest 
elevation of the piping system.  The direction of flow was from the bottom right to the 
top left (b).  Rainfall mesocosms consisted of 12 L stainless steel pots (c).  Samples were 
placed within aluminum screen cylinders (23 cm diameter, 5 cm height, seen in all 4 
pots) that were open to the top to allow rainfall to impact the manure surface but prevent 
rainfall induced erosion of the sample.  The screens also maintained a near constant top 
interfacial area (410 cm
2
/kg-ww) exposed to rainfall.  Screens and samples were 
suspended on a stainless steel plates (seen in lower left of [c]).  After each rainfall event, 






Observed leaching of (a) 17α-TBOH, N, P, and TOC, and (b) total coliforms and E. coli 
from manure during simulated irrigation leaching experiments.  Nitrite and nitrate were 
below the limits of detection and not presented.  All data were collected from the same 
experiment, and the 17α-TBOH data corresponds to the data presented in Figure 3a (see 
text).  Note the differences in units within and between the figures.  The primary y-axis 
represents the normalized (both area and concentration) leaching and the secondary y-
axis represents that mass that can leach from 40 kg-ww of manure, which is the mass 
excreted from a single adult animal unit (AU) over 24 hours, assuming complete manure 
submersion (i.e., 860 cm
2
/kg-ww x 40 kg-ww/AU = 34,400 cm
2
 interfacial area).  In (b), 
concentrations were multiplied by the entire sample volume (4,000 mL) as well as the 
total submerged interfacial area to obtain an estimate of the coliform forming units (CFU) 
that can leach from samples.  Initial concentrations for contaminants except 17α-TBOH 
(24 ng/g-dw) were not extracted from the manure samples and measured directly, thereby 
precluding the use of the diffusion model described in equation 1.  Error bars represent 










   
  generated from the Monte Carlo 
analysis (n = 10,000 iterations).  The outer 5% of all iterations (i.e., the greatest 250 (Pc > 




   
 ) are indicated by the dotted lines 




   
  fell within this rejection region, 
the null hypothesis (i.e., there is no difference between the observed value and the 





   
  is statistically different from the average for is indicated for both simulated 





Relationship between the total 17α-TBOH concentration in manure (Cm; ng/g-dw) and 
the corresponding aqueous equilibrium concentration (Cw; ng/mL).  Using a Monte Carlo 
simulation (n = 10,000 iterations), values of Cm ranging from 0-70 ng/g-dw (we observed 
4-64 ng/g-dw in actual samples) were generated.  For each Cm value, the corresponding 
Cw value was estimated from the total mass balance described previously (equations 8-
12).  The slope of the line is the average product of (
 
 
(   )
     






Range of measured, derived, or estimated values for diffusion model 
independent variables. 













) 0.14 0.21 Measured 
†
φ (unitless) 0.81 0.86 Measured 
r (g/cm
3
) .032 .035 Derived 








fom (unitless) 0.77 0.85 Measured 
foc/fom (unitless) 0.58 0.58 Van Bemmelen factor 
foc (unitless) 0.45 0.49 Derived 
Kd (cm
3
/g) 199 410 Derived 
*values from Othmer and Thakar (1953)
2
 and Wilke and Chang (1955)
3
 fell 









Five NOAA rain gages were used to estimate the rainfall depth and 
intensity at SFREC.  The gage location, distance to SFREC, inverse 
squared distance, and the weight (derived from inverse distance 
weighting) are included. 





Auburn 4313330 666199 37.7 7.0E-04 0.09 
Oroville 4371916 618857 37.9 7.0E-04 0.09 
Beale 4333028 635136 15.3 4.3E-03 0.58 
Yuba City 4328589 623622 26.8 1.4E-03 0.19 
Emigrant Gap 4349751 697562 52.7 3.6E-04 0.05 
SFREC 4344609 645113 -- -- -- 
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Several laboratory studies have evaluated the ecotoxicity and fate of trenbolone 
acetate (TBA) metabolites, namely 17α-trenbolone (17α-TBOH), 17β-trenbolone (17β-
TBOH), and trendione (TBO); however, the body of literature examining the 
environmental transport of these metabolites is severely underrepresented.  Therefore, 
little information is available for developing strategies to manage TBA metabolites in 
agricultural runoff.  Therefore, our goal was to evaluate TBA metabolite attenuation in 
agricultural settings.  We applied manure leachate water to a subsurface infiltration plot 
(4 m) and 3 vegetative filter strips (VFSs; 3, 4, and 5 m).  In the subsurface, 17α-TBOH 
leachate concentrations were 36 ng/L and first flush discharge samples were 12 ng/L.  
After 75 minutes, concentrations steadily increased to 23 ng/L (C/Co = 0.32-0.64).  In 
surface experiments, 17α-TBOH leachate concentrations ranged from 11-150 ng/L but 
dropped to ~22% after VFS treatment in all experiments.  In VFS runoff, 17α-TBOH 
concentrations were constant through time and did not vary with length.  Assuming a no 
observed effects level (NOEL) of 1 ng/L and a VFS removal efficiency of 78%, VFS can 
adequately treat agricultural runoff to “safe” levels if 17α-TBOH concentrations are <5 
ng/L; however, 17α-TBOH runoff concentrations as high as 350 ng/L are commonly 
reported.  Therefore, dilution is necessary to achieve 1 ng/L, and streams receiving runoff 
from agricultural lands with <100 fold dilution capacity have the greatest risk of 





Trenbolone acetate (TBA) is a synthetic anabolic androgen that has been widely 
used in recent decades to promote weight gain, and thus economic value, in beef cattle 
production.  However, recent associations of endocrine disruption in receiving waters 
with agriculture have led to concerns over TBA use, in part due to the potent endocrine 
activity of certain TBA metabolites, including 17α-trenbolone (17α-TBOH), 17β-
trenbolone (17β-TBOH), and trendione (TBO).
1, 2
  While the causative agents responsible 
for the observations of endocrine disruption remains unclear, 
1-5
 the endocrine disrupting 
potential of TBA metabolites has been studied to characterize the potential ecological 
risks of TBA use in agro-ecosystems.  Exposure to trace concentrations (e.g., 5-100 ng/L) 
of 17α-TBOH and 17β-TBOH can result in irreversible phenotypic sex reversal and 
significant fecundity reduction in fish.
6-9
 Although no observed effects levels (NOELs) 
for aquatic vertebrates have not been reported, a reasonable NOEL estimate for TBA 




While TBA metabolite bioactivity is reasonably well characterized, little data are 
available to predict the fate and transport of TBA metabolites in environmental systems.  
Because of their moderate affinity for hydrophobic organic carbon (log Koc = 2.7-5.1; 
Table 1), environmental attenuation of steroids, including 17β-estradiol, testosterone, and 
TBA metabolites that all share similar physiochemical properties, should be high due to 
equilibrium partitioning to immobile organic phases and soils.
12-17
  In transport studies 
conducted at various scales, soil partitioning has been observed to dominate the fate of 
several steroids.  Schiffer et al. (2004) applied 17β-TBOH to two soils and observed ~82-
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92% attenuation after ~10 pore volumes.
18
  Soil analysis revealed that 92-100% of the 
mass of 17β-TBOH “lost” was recovered following methanol extraction of soil, primarily 
from top layers within the soil column.   Similar observations have been reported in field 
scale experiments.  In a soil aquifer treatment systems, 90-100% of the applied estriol, 
testosterone, and 17β-estradiol were removed within the first 1.5 m of the soil.
19
  
Similarly, van Donk et al (2013) reported high retention of agricultural steroids within the 
surface layers of soil ≤ 1.2 m deep.
20, 21
 
While these studies suggest that soils are a major sink for steroids, others have 
reported much higher mobility and concentrations that cannot be reconciled with steroid 
fate and transport dominated by partitioning alone.  17β-estradiol, testosterone, and TBA 
metabolites have been detected at relatively high concentrations (e.g., 160 ng/L) in 
ground water, the vadose zone, and surface waters.
22-25
  They also rapidly occur in 
shallow (<3 m) tile drain systems after storms and can exhibit long-term (many weeks) 
persistence in heterogeneous aquatic systems.
24, 25
  This indicates that these steroids retain 
mobility in the environment and that their fate is not always dominated by hydrophobic 
equilibrium partitioning.
12-14, 22-25
  Similarly, in soil column experiments, breakthrough of 
estradiol, testosterone, and 17β-TBOH has occurred simultaneously with chloride or 
shortly thereafter, indicating that some fraction of the steroid mass undergoes rapid 
transport and limited partitioning.
26, 27
  These observations may suggest the importance of 
steroid associations with dissolved organic matter, resulting in facilitated transport, or 
kinetic limitations on hydrophobic partitioning processes at low, environmentally 
relevant concentrations for a substantial fraction of the overall steroid mass.   Given these 
complex behaviors and seemingly contradictory observations concerning steroid transport 
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at laboratory and field scales, investigating the transport potential of TBA metabolites 
through agro-ecosystems is necessary to understand the capability of agricultural fields to 
act as a source of steroids to the aquatic environment as well as developing treatment 
strategies that adequately attenuate their transport.   
Relative to transport, more data are available that characterizes the environmental 
fate (e.g., photolysis, sorption, transformation kinetics) of TBA metabolites in laboratory 
and field studies.
17, 26, 28-32
  Some studies have qualitatively evaluated transport based on 
the presence or absence of TBA metabolites in surface runoff or subsurface discharge, 
but in these studies, no attempt was made to decouple TBA metabolite leaching and 
transport, processes which can both strongly influence subsequent concentrations.
2, 21, 24, 
25, 30, 33-36
  This issue also confounds the extrapolation of laboratory data generated using 
synthetic solutions to field scales where leaching dynamics play an important role in 
steroid occurrence.
18
  To optimize agricultural runoff management, the relative 
contribution of both leaching and transport processes needs to be evaluated.  For 
example, if leaching dominates, adequate strategies to minimize the risks associated with 
TBA use might involve optimizing irrigation practices to minimize leaching potential.  
Conversely, if transport dominates, implementing best management practices designed to 
inhibit transport by sequestering TBA metabolites on immobile phases may be 
appropriate.   
Therefore, our objective was to evaluate plot-scale subsurface and surface 
transport of TBA metabolites in irrigated agro-ecosystems with a focus on management 
strategies for agricultural runoff.  Previously, we evaluated leaching processes using 
manure excreted by TBA-implanted animals during both rainfall and irrigation events 
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and developed semi-empirical models to predict leaching potential under rainfall and 
irrigation scenarios.
37
  Specific study objectives were to: 1) estimate TBA metabolite 
retardation in both surface and subsurface systems; 2) compare TBA metabolite 
attenuation to attenuation of other manure-derived constituents (MDCs; i.e., total 
ammonia, orthophosphate, nitrate, nitrite, dissolved organic carbon (DOC) , total 
coliforms, and E. coli); and 3) evaluate management strategies to control steroid and 
MDC transport from agricultural surfaces. 
   
Materials and Methods 
Chemicals: 17α-TBOH (17α-hydroxyestra-4,9,11-trien-3-one), 17β-TBOH (17β-
hydroxyestra-4,9,11-trien-3-one), and TBO (estra-4,9,11-trien-3,17-dione)  were obtained 
from Steraloids (Newport, RI).  Deuterated 17β-TBOH (d3-17β-hydroxyestra-4,9,11-
trien-3-one) was obtained from the BDG Synthesis (New Zealand) and was used for 
isotope dilution recovery correction for all TBA metabolites.
30, 35
  HPLC-grade solvents 
were obtained from Fisher Scientific (Pittsburgh, PA).  Derivatization grade N-methyl N-
trimethylsilyl-triflouroacetimide (MSTFA) and I2 (99.999% purity) were obtained from 
Sigma Aldrich (Milwaukee, WI). 
Site description: Subsurface and surface plot-scale transport studies were 
conducted at the University of California Sierra Foothills Research and Extension Center 
(SFREC) near Browns Valley, CA.  Soils were classified as Typic Haploxeralfs and 
Mollic Haploxeralfs with clay loam surface textures and clay subsoils. Soils extend to 
depths of 0.75-1.5 m above basic metavolcanic (greenstone) bedrock.  Local vegetation 
on rangelands was composed of naturalized annual grasses and forbs and native perennial 
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grasses with a savanna/woodland over-story composed primarily of deciduous and 
evergreen oak trees.  Vegetation on vegetated filter strips (VFSs) was composed of 
introduced forage species (e.g, perennial ryegrass, fescue, and red and white clover) 
typical of California rangelands.
38
 
We evaluated subsurface transport of TBA metabolites and MDCs using a soil 
trench within SFREC’s “Lewis-1” watershed (NAD 83 UTM 10S-645581E, 
4348683N).
39
 This 34.6 ha watershed has not been grazed in over 10 years and consists 
of blue oak savanna with an average grade of ~24%.  The soil trench was constructed in 
1999 and consists of a vertical cut through the soil profile to the bedrock.  Aluminum 
collection trays (horizontal width = 1 m) were placed in between the various soil horizons 
(i.e., bottom of the A (8 cm), AB (30 cm), Bt (65 cm), and C (110 cm) horizons; Figure 
1) to capture lateral subsurface runoff.
39
  During precipitation events, a majority of the 
flow discharges from the AB horizon (60%) compared to other horizons, which 
individually discharge 10-17% of the flow.  Preferential flow through the AB horizon is a 
result of lower clay content as well as the presence of well-formed spheroidal soil 
aggregates and larger pores (e.g., gopher burrows and decayed root channels).
39
 
We evaluated surface transport of TBA metabolites and MDCs on VFSs of 
different lengths (i.e, 3, 4, 5 m length x 2 m width) that were constructed at SFREC in 
2006 (NAD 83 UTM 10S-645107E, 4344613N; Figures 1).  The average grade was ~6%, 
and in order to prevent water exchange, each VFS was bordered with 2 mm thick x 45 cm 
wide aluminum sheeting buried to 30 cm below the soil surface.  Each VFS was also 
equipped with a downgradient collection trough constructed of concrete and aluminum 
where sample collection occurred and runoff volume was measured.  Out of the eighteen 
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possibilities, we selected three strips of 3, 4, and 5 m length based on their low 
infiltration rates and lack of preferential flow paths to evaluate transport in surface runoff 
following application of a TBA-metabolite containing leachate solution. 
Leachate solutions used manure collected from Hereford/Angus cross heifers and 
steers (weaned orphaned steer-calves [n = 3] or yearling heifers [n = 4], 145-350 kg, 6-18 
months old) that were implanted with Revalor G (40 mg TBA and 8 mg estradiol, for use 
on rangeland cattle) as previously described.
37
  Each implant released TBA over 100-110 
days per manufacturer estimates, and when needed, animals were re-implanted following 
manufacturer protocols.  Animals were handled in accordance to guidelines prescribed by 
the University of California, Davis Animal Care and Use Committee.  To generate 
leachate solutions, 20-40 L of manure from TBA implanted heifers or steers was added to 
a covered 1,500 L tank.  The tank was placed upslope of the soil trench or VFS system 
and slowly filled with irrigation water (Browns Valley Irrigation District; pH = 7.6, DOC 
= 5.7 ± 0.1 mg/L).  Prior to experiments, the tank was allowed to equilibrate for 24 hours 
to allow MDC leaching (Figures 1, S1). 
Subsurface Transport- On May 24, 2013, the soil 4 m upslope of the soil trench 
was pre-saturated for 30 minutes with clean irrigation water.  After a 30 minute drying 
period, the MDC leachate solution from the tank was evenly spread across the test plot 
using a 1.5 m perforated pipe positioned 4 m above the trench at a rate of 15 L/min.  Over 
the 4 m travel distance, the wetting front spread 8.5 m laterally.  The estimated wetted 
area was 19.5 m
2
 for a bulk application rate of 4.6 cm/hr (1.8 cfs/ac) which is near 
average for central California irrigation.
40
  At this application rate, the saturated retention 
time of the system was ~2 minutes and average discharge flow rate of 0.67 L/min were 
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measured in the AB horizon.  No surface runoff was generated and discharge was 
collected only from the AB horizon.  The discharge collected with the sampling tray of 
the AB horizon accounted for ~4.5% of the total flow applied.  Samples were collected in 
4 L amber glass bottles at 15 minute time intervals for 75 minutes, including leachate 
solutions (taken from a separate valve between the tank and the perforated pipe) and 
subsurface discharge samples from the AB horizon.  For both the soil trench and the VFS 
studies, the 75 minute experimental period was defined by the available volume of 
leachate in the tank. The samples were immediately pressure filtered (0.7 μm AP40 
filters, Millipore, Billerica, MA, USA) on site, and a 3 L subsample was used for TBA 
metabolite analysis (i.e., 17α-TBOH, 17β-TBOH, and TBO).  Of the remaining sample 
volume, 95 mL was vacuum filtered (0.45 µm GB-140, Advantec MFS Inc., Dublin, CA, 
USA) and split for nutrient (i.e., total ammonia-N, nitrate-N, nitrite-N, and 
orthophosphate-P; 20 mL) and  DOC (75 mL) analysis (see SI for nutrient and DOC 
analysis procedures).  After field processing, subsamples were transported to the 
laboratory.  For TBA metabolites, each 3 L subsample was subsequently split into 1 L 
aliquots for triplicate analysis.  Each aliquot was spiked with 1 mL of 100 μg/L (i.e., 100 
ng/L) of 17β-TBOH-d3 internal standard in methanol and extracted onto 6 mL C-18 solid 
phase extraction (SPE) cartridges (Restek, Bellefonte, PA, USA; Q < 10 mL/min) upon 
arrival to the laboratory (~3 hours after sample collection).  SPE cartridges were stored at 
1 °C prior to steroid analysis.  Nutrients and TOC were stored at 1 °C and analyzed 
within 24 hours. 
Surface Transport - We evaluated the transport of TBA metabolites and MDCs on 
VFS on four different dates (24 May, 31 May, 8 June, and 3 July, 2012).  All experiments 
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were conducted similarly, but the data collected on July 3 are the most comprehensive 
and are discussed herein (see SI for VFS performance data on other dates).  To promote 
surface runoff generation, each VFS was pre-saturated for 30 minutes with clean 
irrigation water prior to the start of the experiment.  A leachate solution was prepared as 
previously described and applied uniformly to the three VFS plots using a common 
header pipe and a perforated pipe positioned at the top of each VFS (Figure 1). At an 
application rate of 3 L/min over a 75 minute trial, the area normalized irrigation rates for 
the 3, 4, and 5 m VFS were 3.9 cm/hr (1.6 cfs/ac), 2.0 cm/hr (0.8 cfs/ac), and 1.4 cm/hr 
(0.6 cfs/ac) respectively, which are typical for central California.
40
  The average runoff 
rates for the 3, 4, and 5 m VFS were 1.7, 1.4, and 1.0 cm/hr, respectively, suggesting an 
average of 40% infiltration and 60% runoff.  Once runoff began (at 2, 3, and 5 minutes 
for 3, 4, and 5 m VFSs, respectively), 4 L samples were collected from a valve within the 
common header pipe and each VFS collection trough at 15 minute intervals.  Prior to 
filtration of the 4 L samples, a 100 mL subsample was collected for total coliform and E. 
coli analysis (see SI for analysis procedure).  The remaining sample was further split into 
subsamples and processed for TBA metabolites, nutrients, and DOC analysis as 
previously described. 
Sample Analysis- TBA metabolites were processed and analyzed as described 
elsewhere.
30, 35, 37
  Briefly, TBA metabolites were eluted from SPE cartridges and the 
eluent was cleaned using Florasil cartridges (6 mL, Restek) to reduce organic matrix 
interferences.  Samples were derivatized and analyzed by GC/MS/MS for 17α-TBOH, 
17β-TBOH, and TBO using an Agilent 6890N Gas Chromatograph (Santa Clara, CA, 
USA) paired to a Waters Quattro Micromass spectrometer (Milford, MA, USA).  QA/QC 
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measures included field blanks (i.e., irrigation water), background samples (i.e., runoff 
prior to leachate application), and laboratory spikes (100 ng/L of 17α-TBOH, 17β-
TBOH, and TBO) in irrigation water that were analyzed identically to other samples.  
With the exception of TBO, all field blanks and background samples were at or below the 
limit of detection (i.e., 0.5 ng/L 17α-TBOH and TBO and 1 ng/L for 17β-TBOH), 
suggesting no sample contamination.  TBO was not detected in irrigation water, but TBO 
analysis was complicated by a co-occurring interfering peak precluding TBO analysis in 
surface runoff samples.  The average 17β-TBOH-d3 recovery for samples was low but 
consistent at 45 ± 7%, (n = 142).  While matrix interferences (~ 60 mg/L DOC) were 
likely responsible for low recoveries of the isotopic standard, 17α-TBOH, 17β-TBOH, 
and TBO 100 ng/L spike recoveries were 112 ± 19%, 102 ± 13%, and 92 ± 34%, 
respectively (n = 10). 
 
Results and Discussion 
Subsurface transport- We evaluated subsurface transport and attenuation 
processes of MDCs by comparing leachate and discharge (subsurface runoff) 
concentrations from the AB soil-horizon through time.  Given the rapid transport of bulk 
water (approximately 3.3 cm/s linear velocities in these systems) in both the shallow 
subsurface system and VFS plots (described later), we anticipate that contaminant 
attenuation arises primarily from sequestration and partitioning mechanisms, as there is 
insufficient hydraulic retention time for transformation mechanisms to affect 
concentrations.  On average, 17α-TBOH and 17β-TBOH concentrations in leachate were 
36 ± 5 ng/L and 3 ± 2 ng/L, respectively, while TBO was detected once at 5 ng/L.  17β-
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TBOH was not detected in subsurface runoff samples initially (i.e., samples collected at 
the inception of discharge), while TBO was detected once in runoff at 3 ng/L.  17α-
TBOH on the other hand was detected in all samples, initially present at 12 ± 2 ng/L and 
increasing linearly to 23 ± 5 ng/L over 75 minutes (Figure 2).  Based on this trend, 
complete breakthrough (i.e., C/Co = 1) was expected to occur near 160 minutes.  
Compared to the velocity of water, the observed retardation factor for 17α-TBOH was 40 
in this shallow subsurface system (see SI for retardation factor calculations), although 
this estimate is limited by the duration of the trial.  Linear sorption isotherms for TBA 
metabolites in agricultural soils have been reported;
16, 17
 therefore, retardation factors also 
can be estimated from soil properties, which yields a calculated retardation factor for 
17α-TBOH of 56.  While it is likely that preferential flow paths within the AB horizon 
facilitate rapid 17α-TBOH transport, thereby decreasing the observed retardation factor, 
observed values for agricultural steroids are frequently less than calculated values.  For 
example, we estimated retardation factors using data presented by Schiffer et al. (2004) 
for TBA metabolite transport in soil columns.
18
  For 17β-TBOH, the observed retardation 
factor in soil columns was 22 while the calculated retardation factor was 60.  Similarly, 
breakthrough of testosterone, estradiol, and estradiol products soil columns occurred 
simultaneously with chloride (no retardation).
12-14, 27
  While transport of 17α-TBOH was 
clearly retarded in the shallow subsurface, steroids, including TBA metabolites, appear to 
be more mobile within the subsurface than predicted by soil properties alone, which is 
consistent with the literature. 
Similar to 17α-TBOH, breakthrough of nutrients and DOC occurred almost 
immediately (Figure 2).  For total ammonia, leachate concentrations were 7 ± 1 mg-N/L.  
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Initial concentrations in subsurface runoff were 2.1 ± 0.1 mg-N/L and consistent with 
data for 17α-TBOH, increased linearly throughout the experiment to 5.9 ± 0.3 mg-N/L, 
with complete breakthrough expected to occur near 90 minutes.  For orthophosphate, 
leachate concentrations were 2.5 ± 0.4 mg-P/L, and initial runoff concentrations were 0.8 
± 0.1 mg-P/L.  After increasing linearly through time, complete breakthrough was 
reached at 75 minutes.  For DOC, the average leachate (61 ± 6 mg-C/L) and runoff (61 ± 
4 mg-C/L) concentrations were identical (P = 0.92) through the experiment.  However, as 
with the other MDCs, discharge concentrations increased linearly through time and 
reached complete breakthrough at 30 minutes, suggesting that some partitioning and 
exchange of DOC occurred in the subsurface (Figure 2).  Using estimated times for 
complete breakthrough for total ammonia (90 minutes), orthophosphate (75 minutes), and 
DOC (30 minutes), observed retardation factors were 22, 19, and 11, respectively, which 
fall within the reported ranges for these constituents.
41-44
  Nitrate and nitrite were not 
detected in either leachate or runoff samples. 
Because leachate was applied continuously, runoff concentrations were expected 
to increase through time due to dispersion processes alone.  Peclet numbers, at least for 
17α-TBOH and total ammonia, were large (>100) indicating that dispersion was 
dominated by advective dispersion and that molecular scale dispersion processes were 
negligible at these time scales.  Therefore, if plume spreading was due to advective 
dispersion alone, MDC breakthrough curves should be identical.  However, temporal 
dynamics of breakthrough varied considerably among MDCs.  Furthermore, given that 
retardation factors were >10, MDC concentrations in initial runoff samples were 
surprisingly high (i.e., C/Co = 0.3-0.9), suggesting that substantial MDC fractions in the 
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applied leachate were relatively mobile and transported near the same velocity as the bulk 
water.  While the existence of both a mobile and a retarded fraction of contaminant mass 
within runoff is seemingly contradictory, these observations are consistent with the 
literature and can be explained mechanistically.
18, 27, 45, 46
  For example, unexpectedly 
rapid transport of florfenicol, an agricultural antibiotic, on mobile, manure-derived 
colloids has been observed.
47
  Partitioning to mobile colloids or DOC (e.g., humic 
acids
48
) could facilitate rapid transport through the vadose zone and account for the 
unexpected mobility of some fraction of 17α-TBOH, while the remaining fraction 
experiences transport retardation concordant with partitioning expectations derived from 
soil properties.  Also, time scales necessary to reach hydrophobic partitioning equilibrium 
for 17β-estradiol and estrone may be as long as 5-24 hours.
14
  It is therefore likely that 
estimates derived using assumptions of equilibrium conditions cannot be applied in these 
rapid-flow short hydraulic retention time systems because the time scale for equilibrium 
partitioning greatly exceeds the transport time scale. 
Surface transport- We evaluated surface transport and attenuation processes of 
MDCs in VFS systems using similar approaches.  On average, 17α-TBOH and TBO 
leachate concentrations were 34 ± 3 and 2 ± 1 ng/L, respectively, while 17β-TBOH was 
only sporadically detected in both leachate and runoff at concentrations below 2 ng/L.  
17α-TBOH concentrations were statistically greater in leachate than on VFS, but there 
were no statistical differences in runoff concentrations between all VFS at all time points 
based on Tukey’s HSD post-hoc test (One-way ANOVA, F (19, 29) = 21.5, P < 0.001; 
Figure 3).  Little effect of VFS length was evident at these length scales, as average 
runoff concentrations of 17α-TBOH were 8 ± 3, 11 ± 2, and 9 ± 1 ng/L from 3, 4, and 5 
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m VFSs, respectively.   17α-TBOH removal (i.e., 1- C/Co) performance for the VFS plots 
averaged 76 ± 8%, 69 ± 7%, and 72 ± 3% from 3, 4, and 5 m VFSs, respectively (Figure 
3). 17β-TBOH was sporadically detected in runoff at concentrations near the limit of 
detection (i.e., 1.0 ng/L).  Little data have been published on steroid removal efficiencies 
on VFS; however, these observations are consistent 17β-estradiol removal (79%) on 3.1 
m VFS.
19
   
Similar to subsurface discharge experiments, we expected 17α-TBOH 
concentrations in surface runoff to increase with time until complete breakthrough 
occurred.  For all VFS plots, partial transport of 17α-TBOH occurred rapidly (C/Co = 
0.25 in initial samples), with no subsequent increase in concentrations observed, 
indicating that a highly mobile fraction of the 17α-TBOH mass existed, again likely 
DOC-associated (78 mg/L DOC in leachate) or equilibrium limited.  Control and 
management of this mobile fraction is expected to be challenging, as its rapid transport 
and apparently limited interaction with treatment system materials may limit the 
effectiveness of sequestration based treatment strategies.  However, unlike subsurface 
observations, VFS runoff concentrations were relatively constant throughout the 
experiment, especially for the 4 and 5 m VFSs (Figures 3 and S1), indicating slower 
saturation of attenuation capabilities and more efficient and consistent attenuation of 17α-
TBOH on the VFSs relative to the subsurface system.  We suspect this is a result of the 
increased productivity on the VFSs compared to 30 below the surface within the AB 
horizon.  VFSs are actively maintained throughout summer months by irrigation and are 
characterized by year-round vegetative growth, unlike the soil trench watershed where 
vegetation is limited by seasonal aridity.  Thus biological activity and production of near-
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surface organic matter is likely substantially lower in soils surrounding the soil trench.  
Given the short hydraulic retention time (2-5 minutes), microbial processes, which occur 
on time scales of hours to weeks, were unlikely to account for the observed attenuation; 
however, the likely presence of biofilms and an active rhizosphere may facilitate 
hydrophobic partitioning thereby increasing VFS attenuation capacity. 
Concentrations of total ammonia, orthophosphate, and DOC within the irrigation 
water were 0.022 ± 0.005, 0.011 ± 0.005, and 1.5 mg/L, respectively, but increased 
considerably in leachate to 7 ± 1 mg-N/L and 5 ± 1 mg-P/L, and 78 ± 10 mg/L, 
respectively.  Total coliforms and E. coli were not detected in irrigation water, and while 
E. coli was not detected in runoff from VFSs prior to leachate application, the average 
concentration of total coliforms in runoff prior to leachate application was 40x10
5
 





 CFU/100 mL, respectively (Figure S5).  Similar concentrations of 
ammonia, orthophosphate, and coliforms have been reported in agricultural runoff (0.05-




 CFU/100 mL) suggesting that the 
leachate is representative of agricultural runoff.
40, 49-52
 
Compared to 17α-TBOH, nutrients and DOC occurrence in VFS runoff followed 
similar spatial and temporal dynamics (Figure 3).  Average ammonia and orthophosphate 
runoff concentrations on 3, 4, and 5 m VFSs were 1 ± 1 mg-N/L and 2 ± 1 mg-P/L for all 
three VFSs while DOC concentrations were 50 ± 9, 48 ± 2, and 48 ± 3 mg/L, 
respectively.  Removal efficiencies for the 3, 4, and 5 m VFSs thus averaged 81 ± 10%, 
85 ± 2%, and 87 ± 1% for total ammonia, 56 ± 9%, 60 ± 2%, and 60 ± 1% for 
orthophosphate, 32 ± 9%, 38 ± 3%, and 38 ± 4% for DOC, 49%, 37%, and 39% for total 
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coliforms, and 41%, 50%, and 41% for E. coli (see Figure S5 for asymmetrical 
confidence intervals for total coliforms and E coli), respectively.  On all VFSs, average 
removal was greatest for total ammonia (84 ± 5%) followed by 17α-TBOH (72 ± 3%), 
orthophosphate (59 ± 4%), E. coli (44%), total coliforms (42%), and DOC (37 ± 4%).  
These results are consistent with previous studies examining MDC attenuation on VFS. 
40, 49-53
  Nitrate and nitrite were not detected in any samples.   





) on the 4 and 5 m VFS were 75% and 60% of the 3 m VFS mass loading.  
Therefore, we expected higher removal efficiencies on longer VFS given their longer 
hydraulic retention times and greater contact area for MDC/soil interactions.  However, 
removal efficiencies were relatively constant for all MDCs across these length scales (83 
± 3%, 59 ± 4%, and 38 ± 5%,  for ammonia, orthophosphate, and DOC, respectively; 
Figures 3, 4, S2-4) indicating that for a given event, removal performance was 
independent of loading.  Between events, however, removal efficiencies were statistically 
different (One-way ANOVA, F (3, 14) = 39.1, P < 0.001), although these differences in 
removal were not necessarily related to loadings.  There was no statistical difference in 
removal between experiments when leachate concentrations were 11 and 150 ng/L or 
when leachate concentrations were 34 and 112 ng/L (Figure 4).  Performance was lowest 
when suspended solids content in the leachate was the greatest (31 May, Figure 4).  As 
previously described, differential sorption to mobile DOC or manure colloids could have 
facilitated transport and limited interactions with immobile phases.
47
  If this process 
explains the observed transport patterns, increased VFS length may not be effective as a 
management strategy, and optimizing management should focus upon reducing DOC and 
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colloids in runoff.  Conversely, if transport was affected by equilibrium partitioning 
kinetics, increasing system hydraulic retention times (i.e. increased length or decreased 
slope) may be an effective management strategy, although these studies could not to 
resolve these issues. 
Transport Potential- In all studies, 17α-TBOH was easily the most abundant TBA 
metabolite in leachate.  Both 17β-TBOH and TBO were detected in leachate samples but 
at concentrations ≤5 ng/L, even when 17α-TBOH concentrations exceeded 150 ng/L.  
While it seems reasonable to assume negligible contributions of 17β-TBOH and TBO to 
ecosystem risk, metabolite interconversion occurs readily.
18, 26, 29
  While 17β-TBOH and 
TBO were detected at low concentrations in this study and in previous work (Jones et al. 
in review), both have been detected in agricultural runoff at concentrations as high as 270 
and 35 ng/ L, respectively.
24, 25, 36, 37
  In these systems (i.e., CAFOs and manure fertilized 
fields), TBA metabolites accumulated in surface soils, and it is possible that microbial 
activity increased concentrations of 17β-TBOH and TBO derived from 17α-TBOH 
transformation.  Given the structural similarities of 17α-TBOH, 17β-TBOH, and TBO 
that results in similar chemical properties, we anticipate that the environmental fate and 
transport behavior is conserved among these compounds, and the observations focused 
upon 17α-TBOH also are valid for other TBA metabolites and even other steroids with 
similar properties.   
In surface and subsurface experiments, transport of 17α-TBOH over 3-5 m was 
rapid, indicating that at least some mass can travel at nearly the same velocity as water.  
These findings are consistent with observations of similar transport velocities for various 
agricultural steroids and conservative tracers.
18, 27, 45
  Furthermore, in surface and 
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subsurface experiments, concentrations in initial runoff samples were ≥10 times higher 
than the equilibrium partitioning estimates based on physical and chemical properties of 
the soil (Table 2).  These data indicate that equilibrium partitioning estimates may not 
accurately characterize steroid dynamics in these systems, and that interactions with 




Vegetated filter strips are widely used to manage contaminants in agricultural 
runoff, particularly for sediment and nutrient control.  Our results indicate that VFSs 
were effective at attenuating 17α-TBOH over short time scales (1-2 hours), with an 
average 78% removal of 17α-TBOH from surface runoff from all 4 experiments (Figures 
4, S1, S3).  Little information is available on steroid attenuation on VFS, but Nichols et 
al. observed near-identical (79%) removal of 17β-estradiol in 3 m VFS but also observed 
increased removal (98%) with increased length (18.3 m).
19
  While partitioning 
mechanisms may not permanently sequester steroids on VFSs, partitioning can slow 
transport long enough for slower microbial/chemical processes to become significant and 
permanent attenuation mechanisms.  At T = 22°C, Khan and Lee observed 4 hour half-
lives of 17α-TBOH in near saturated soils via microbial transformation,
29
 suggesting that 
mass attenuated on VFSs could be permanently metabolized and removed from the 
system. 
Although a majority (78%) of the 17α-TBOH mass was retarded within the VFS, 
approximately 22% of the mass was readily mobile, a trend also observed for the other 
MDCs (Figures 3, S2-4).  Following VFS treatment, 17α-TBOH runoff concentrations 
ranged from 1-43 ng/L.  While no observed effects levels (NOEL) for aquatic vertebrates 
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have not been reported, a reasonable NOEL estimate for TBA metabolites is 1 ng/L.
10, 11
  
Therefore, receiving waters will require at least some dilution capacity to attain NOELs.
30
  
Concurrent dilution and attenuation together can achieve NOELs, and a clear relationship 
exists between available treatment system performance and the dilution necessary to 
attain NOELs (Figure 5).  For example, as a worst case scenario, 17α-TBOH 
concentrations of 350 ng/L were reported in CAFO runoff.
30
  Without attenuation, a 
dilution factor (the ratio of receiving water and runoff volumes or flows) of 350 is 
required to attain the 1 ng/L runoff concentration.  Using a VFS with 78% removal 
performance, the required dilution factor is reduced proportionally, from 350 to 80, 
which can represent a substantial savings in the volume of water needed to dilute runoff.  
Clearly, characterizing runoff concentrations and comparison with available receiving 
water volumes can assist in choosing the appropriate treatment strategy and specifying 
the necessary treatment performance by providing clear performance goals for 
agricultural runoff management.  Ideally, VFS or other treatment processes can attenuate 
concentrations to NOELs without dilution, which should be true for runoff concentrations 
below 5 ng/L and VFS removals of ~80%.  The reality of non-point source pollution is 
that dilution almost always plays an important role in mitigating ecosystem risk.  Thus, 
first-order streams, wetlands, ephemeral pools, and other small bodies of water that have 
dilution capacities <100 are at the greatest risk of exposure to TBA metabolite 
concentrations above NOELs or adverse effects arising from MDC exposure.  Therefore, 
effective runoff management strategies and high removal performances are most 
necessary for these small systems with limited dilution capacities and sensitive 
ecosystems.  It is also evident that treatment efficacy should rise proportionately with 
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reductions in available dilution factors for concentration dependent performance goals, 
although this relationship does not apply to load-dependent performance goals like 
TMDLs (Figure 5).   
As expected, our results indicate higher mass transport potential through VFSs 
when leachate concentrations are high, although removal did not always scale with 
leachate concentrations (Figure 4).  However, performance varied only by a factor of 
~1.3 (68-88% removal).  Previously, we reported that 17α-TBOH leaching potential 
peaked between 5 and 30 days post-implantation, with a 14,400 and 4,000 ng/animal unit 
leaching potential during a 5 cm rainfall event and a 9 hour irrigation event, 
respectively.
37
  Assuming 22% of the17α-TBOH mass is readily mobile and unlikely to 
be attenuated by treatment, 900-3,200 ng/AU can be readily transported to receiving 
waters.  During irrigation events, the “first flush” transport pulse of 17α-TBOH and other 
MDCs is probably dominated by infiltration processes occurring as the wetting front 
moves downgradient and saturates dry soils, thereby transporting most mass through the 
subsurface, possibly even rapidly, depending on the system.  Conversely, during rainfall 
events, leaching is exacerbated by physical erosion of manure, increasing mass transfer 
with subsequent mass leaching peaking during high intensity rainfall, thus promoting 
substantial mass transport in surface runoff.  Depending on rainfall and irrigation rates, 
the runoff or discharge concentrations will vary, but can be estimated and compared 
against desired exposure concentrations in receiving waters to assess the ecological risks 
to those receiving waters.  Therefore, to fully characterize the risks associated with TBA 
use in agro-ecosystems, or the risks of MDCs, we recommend the simultaneous 
evaluation of leaching, transport, and hydrologic characteristics as an appropriate strategy 
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for prioritizing the implementation of runoff treatment technologies and selecting 
effective best management practices. 
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Schematic diagram of (a) 3 vegetative filter strips of 2 m width x 3, 4, and 5 m length.  
Leachate was collected from a valve after it left the tank.  Leachate was applied 
uniformly across the top of each VFS and was collected in aluminum trays at the bottom 
of each strip.  The same tank and piping system was used for subsurface experiments (b).  
Aluminum trays were placed within the intersection between different soil horizons.  The 





Normalized concentrations of manure derived contaminants in (a) leachate and (b) 
subsurface runoff from the AB soil horizon after 4 m of transport in the vadose zone.  All 
concentrations were normalized to the average leachate concentration, provided in the 
legend for each constituent. For both leachate and runoff samples, t = 0 minutes 
corresponds to the moment discharge from the AB horizon occurred.  Error bars represent 






Relative concentrations of manure derived contaminants in (a) leachate, and surface 
runoff from (b) 3 m, (c) 4 m, and (d) 5 m vegetative filter strips.  All concentrations were 
normalized to the average leachate concentration, which is provided for each constituent 
in the legend.  Values reported at t = 0 represent background concentrations.  The first 
runoff samples were collected at t = 15 minutes.  Error bars represent 95% confidence 







Average normalized runoff concentrations (i.e., C/Co; a) and actual runoff concentrations 
(b) of 17α-TBOH during four vegetative filter strip (VFS) runoff experiments.  Relative 
concentrations were normalized based on the average contaminant concentration within 
leachate (see legend).  Pooled normalized-concentrations were statistically different 
(One-way ANOVA, F (3, 14) = 39.1, P < 0.001), and event means were statistically 
different based on Tukey’s HSD test if events did not share letters (i.e., A, B) with other 






Receiving water concentration of 17α-TBOH as a function of runoff concentration and 
receiving water dilution factor.  Dotted lines represent initial concentrations and dashed 
lines represents post-treatment runoff concentrations assuming 78% removal efficiencies.  
No dilution capacity is needed to discharge 1 ng/L if VFS run-on concentrations are <5 
ng/L.  (Insert) Normalized concentration (i.e., C/Co) as a function of receiving water 






Octanol-water (Kow) and organic carbon (Koc) 
partitioning coefficients for commonly studied steroid 
hormones. 
Steroid Log Kow Log Koc Source 
Testosterone 3.32-3.48 3.34 ± 0.10 
20, 54, 55
 
17α-trenbolone 2.72 ± 0.02 2.77 ± 0.12 
17
 
17β-trenbolone 3.08 ± 0.03 3.08 ± 0.10 
17
 
Trendione 3.38 ± 0.19 2.63 ± 0.05 
17
 
17β-estradiol 3.43-4.10 3.34 ± 0.17 
20, 54, 56
 







Physical and chemical properties of the soils at 
subsurface (AB horizon) and surface (vegetative 
filter strips, VFS) experimental sites.  
Abbreviations include bulk density (ρb), fraction 
of soil organic carbon (foc), 17α-trenbolone (17α-
TBOH) soil partitioning coefficient (KD), porosity 
(φ), 17α-TBOH retardation factor (R), and 
dissolved fraction of 17α-TBOH in water (FD).  R 
















AB 1.5 2.9 17 0.47 56 3.3 
VFS 2.0 5.3 31 0.29 218 0.6 
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Materials and Methods 
Contaminant Analysis- In addition to TBA metabolites, irrigation leaching 
samples were analyzed for ammonia, nitrite, nitrate, orthophosphate, total coliforms, E. 
coli, and dissolved organic carbon (DOC) using standard approaches.  Immediately after 
samples were collected, samples were thoroughly mixed, and a 100 mL subsample was 
collected in sterilized 120 m plastic vessels purchased from IDEXX Laboratories for total 
coliform and E. coli analyses.  Maximum probably number (MPN) concentrations were 
determined using the ‘Colilert’ defined substrate method from IDEXX. The IDEXX 51 
well trays were filled with 100 mL of diluted sample (1:100,000 dilution) mixed with the 
‘Colilert’ synthetic media, sealed using the Quanti-tray
TM
 sealer, and incubated at 35 °C 
for 24 hours. Positive detect wells were counted and compared with standard Quanti-
tray
TM
 MPN tables.  TOC samples were acidified to pH = 2 using phosphoric acid and 
analyzed using a Shimadzu TOC combustion analyzer. Ammonia, ammonium, nitrite, 
nitrate, and orthophosphate were analyzed using flow injection analysis on a Lachat 
Quickchem 8500 auto analyzer.   
Surface Transport- We evaluated the transport of MDCs on VFS on four different 
dates (May 24, May 31, June 8, and July3, 2012).  In general, all experiments were 
conducted as described in the text.  In short, each VFS (strips #1, 2, 3) was saturated with 
irrigation water for 30 minutes to promote runoff.  After 30 minutes, leachate was applied 
from a 1500 L tank simultaneously to the top of each VFS.  On May 24, samples were 
collected at t = 0, 30, and 60 minutes.  In order to promote mass transfer and increase 
concentrations in the leachate on the experiment conducted on May 31, the manure was 
broken apart and thoroughly mixed within the tank.  The leachate was then applied 
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simultaneously to each the VFS, but because of the high solids content, samples were 
difficult to filter and were composited for convenience.  From both experiments, only 
TBA metabolites were analyzed.  On June 8, samples were collected at t = 0 (i.e., first 
flush), 15, 30, 45, and 60 minutes while on 3 July, samples were collected at t = 15, 30, 
45, 60, and 75 minutes.  Otherwise, the later experiments were conducted identically.  
For these experiments, TBA metabolites, total ammonia, nitrate, nitrite, orthophosphate, 
and DOC were analyzed and for the last experiment, total coliforms and E. coli were 
measured but from composite samples only.  
Results and Discussion 
Subsurface Retardation Factors- We hypothesized that the leachate consisted of a 
mobile and a retarded fraction based on the shape of the breakthrough curve.  The mobile 
fraction was detected in the first flush while the retarded fraction slowly discharged 
through time.  Our aim was to estimate the retardation factor (R) of each contaminant.  
We estimated R by comparing the comparing the average contaminant velocity to the 
velocity of the bulk water.   The mean retention time of a contaminant is the time for 50% 
of the mass to leave a discharge from the soil and can be calculated based on the non-
dimensional breakthrough curve (F) as follows: 




where τ is the mean residence time, t is the elapsed time, and F is the cumulative 
distribution of the relative concentration (i.e., C/Co).  For all contaminants, however, 
breakthrough occurred immediately and the breakthrough curve was linear.  Therefore, 







where tc is the estimated time for complete breakthrough. The ratio of the mean residence 
time and the hydraulic retention time (i.e., 2 minutes) is R.  For 17α-TBOH, 
concentrations increased linearly (C/Co = 0.0043t + 0.31, R
2
 = 0.98) from 12 to 23 ng/L 
over 75 minutes and complete breakthrough was expected to occur after 160 minutes.  
Therefore, the average retention time of 17α-TBOH within the subsurface was 80 
minutes; therefore, the estimated retardation factor of was 40.  We estimated the 
retardation factors for total ammonia (C/Co = 0.0069t + 0.39, R
2
 = 0.89, tc = 90 minutes, 
R = 22) and orthophosphate (C/Co = 0.0072t + 0.50, R
2
 = 0.91, tc = 75 minutes, R = 19;).  
Dissolved organic carbon reached complete breakthrough after 30 minutes.  Therefore, R 
was ~8. 
In addition to estimating R from breakthrough data, we calculated the R based on 
physical and chemical properties of the soil using the following equation: 
    
    
 
 (3) 
where ρb is the soil bulk density (kg/L), KD (L/kg) is the TBA metabolite partitioning 
coefficient to soil, and was estimated assuming a linear sorption isotherm from the 
organic carbon partitioning coefficient ( KOC, L/kg) and the fraction of organic carbon in 
the soil (foc, unitless).  The porosity (φ) was estimated using the following equation: 




where ρb is the soil particle density (kg/L).  Based on the mean diameter of the soil 





In addition to R, we calculated the dissolved fraction of steroid in water (FD) from 
physical and chemical properties of the soil based on the following mass balance:  
   
    
         
 
 
     
 (5) 
where Cw and Cs are the TBA metabolite concentration in water (ng/L) and on soil 
(ng/kg), respectively, Vw is the volume of water within a sample (L), and Ms is the mass 
of soil within a sample (kg).  The right hand side of equation 5 represents the reduced 
form of the mass balance and is derived from the partitioning coefficient and the solids to 
water ratio (r, unitless), which calculated as follows: 
  
  (   )
 
 (6) 






Leachate was made onsite during (a, b) subsurface and (c, d).  Leachate was piped to (b) 
4 m upslope the soil trench and to (c) 3, 4, and 5 m vegetative filter strips.  Subsurface 
discharge was collected from the (b) AB horizon (30 cm below the surface) and (d) at the 






Relative concentrations of (a)17α-TBOH, (b) total ammonia, (c) orthophosphate, and (d) 
dissolved organic carbon (DOC) leachate in leachate and runoff from 3, 4, and 5 m 
vegetative filter strips.  All concentrations were normalized to the average leachate 
concentration, which is provided in each panel.  Data were collected on July 3, 2012.  








Relative concentrations of manure derived contaminants in (a) leachate, and surface 
runoff from (b) 3 m, (c) 4 m, and (d) 5 m vegetative filter strips.  All concentrations were 
normalized to the average leachate concentration, which is provided for each constituent 
in the legend.  Values reported at t = 0 represent first flush concentrations.  Data was 
cikekcted ib June 8, 2012.  Error bars represent 95% confidence intervals (n = 3) and are 






Average (a) normalized runoff concentrations (i.e., C/Co) and (b) actual runoff 
concentrations of dissolved organic carbon (DOC), total ammonia (NH3), and 
orthophosphate (PO4
-3
) during two vegetative filter strip (VFS) runoff experiments.  
Relative concentrations were normalized based on the average contaminant concentration 








Relative concentrations of total coliforms and E. coli in leachate and runoff from 3, 4, 
and 5 m vegetative filter strips.  All concentrations were normalized to the average 
leachate concentration provided in legend.  Data was collected on July 3, 2012.  Large 
error bars are due to inherent uncertainties within the method.  Error bars represent 95% 
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 Trenbolone acetate (TBA) is commonly administered to cattle on rangelands and 
irrigated pastures, which are expansive within the United States.  As a result, TBA 
metabolites are expected to be pervasive in the environment; however, no studies have 
evaluated their transport potential on these systems.  Therefore, we evaluated the TBA 
metabolite transport potential on plot and pasture scale experiments during rainfall and 
irrigation events.  Within a 0.1 ha irrigated pasture, 4 heifers implanted with TBA (40 mg 
TBA, 8 mg estradiol) were penned for 24 hours.  First flush concentrations of 17α-
trenbolone (17α-TBOH) were <11 ng/L but quickly dropped by 83% after the wetting 
front moved 3 m down slope of the enclosure.  During rainfall, average runoff 
concentrations from vegetative filter strips were 2 ng/L.  We estimate that well-managed 
intensively-grazed pastures can realistically reduce runoff concentrations by 90%.  
Therefore, given a likely no observed effects concentration of 1 ng/L, the ecological risk 
due to TBA use in well managed pastures is low.  Using mass balance estimates, the 
transport potential of endogenous steroids is expected to be up to 16 times greater than 
TBA metabolites with concentrations capable of exceeding >1,000 ng/L on confined 




Over the last decade, a number of reports of endocrine disruption have been 
linked to animal agriculture.
1-6
  While the cause of these observations is unclear, steroids, 
including 17β-estradiol and testosterone, are excreted in manure and can induce 
endocrine effects in exposed organisms.
7-9
  In addition to natural steroids, synthetic 
agricultural growth promoters such as trenbolone acetate (TBA) are sometimes 
implicated because of their potency and widespread usage.  TBA is administered to ~20 
million beef cattle annually, and because 35% of the land area (i.e, 3.2 million km
2
) 
within the United States is used for grazing, the introduction of steroidal contaminants, 
including TBA metabolites, is pervasive.
10-12
  Agricultural sources of endocrine active 
compounds may induce undesirable physiological and reproductive effects in sensitive 
aquatic organisms.  For example, phenotypic sex reversal and fecundity reduction in fish 
results from trace exposure (e.g., 5-100 ng/L) to certain TBA metabolites, including 17α-
trenbolone (17α-TBOH), and 17β-trenbolone (17β-TBOH).
13-16
  This is of particular 
concern because concentrations of 17α-TBOH and 17β-TBOH in runoff from confined 
animal feeding operations (CAFOs) and fields fertilized with TBA implanted manure 
have been reported as high as 350 and 270 ng/L, respectively.
17-20
  While these values 
may represent some of the higher concentrations expected to occur in runoff, little 
information exists that can link the runoff occurrence of TBA metabolites or other 
steroids in agro-ecosystems to system characteristic and operational practices (e.g., 
stocking density, implant mass, manure concentrations, etc.).  This information could be 
used to estimate expected concentrations in runoff that could then be used to predict the 
likelihood that runoff concentrations would exceed specified concentrations.  While no 
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observed effects levels (NOEL) have not been reported for TBA metabolites, a 
conservative estimate is 1 ng/L, which is similar to other synthetic steroids.
21
  Similar 
approaches could also be used to identify those operations (e.g., irrigated pasture, CAFO, 
etc.) and system characteristics that likely constitute the greatest risk of steroid transport 
to aquatic ecosystems. 
While some studies have examined TBA metabolite occurrence in runoff from 
feedlots and manure fertilized fields,
17-20, 22, 23
 no studies have evaluated the occurrence, 
fate, or transport of TBA metabolites in rangelands or irrigated pastures.  In these 
systems, animals are typically dosed with 40 mg TBA implants, while animals on 
feedlots are given 100-200 mg implants.  Based on the dose alone, along with the 
substantially lower stocking densities, this might suggest that the risk of TBA metabolite 
transport is substantially lower on rangelands and irrigated pastures.  However, despite 
the concentrated mass source, fewer opportunities for TBA metabolite transport exist on 
CAFOs because CAFO runoff is generally strictly controlled with risk arising from only 
incidental or permitted direct discharge.  On irrigated pastures, metabolites can leach 
from manure into irrigation water, which is applied approximately every 7-14 days 
during dry months, and be transported overland in runoff to receiving water, often with 
limited treatment of runoff.
24
  Similarly, on rangelands, cattle often congregate near and 
even have direct access to receiving waters, thereby increasing the risk for steroids and 
other manure derived contaminants (MDCs; e.g., ammonia, orthophosphate, pathogens) 
to enter the water column.  Thus, while the available mass for transport is substantially 




The transport potential, or the likelihood a contaminant reaches receiving water, is 
a function of the mass that can leach from manure as well as the mass attenuation during 
transport, while the overall ecological risk is defined by the analysis of these processes at 
watershed and system scales.   Previously, we decoupled leaching and attenuation 
processes to investigate the relative contributions of these processes on TBA metabolite 
fate and subsequent transport.
24, 25
  Therefore, our aim was to both quantify and predict 
the TBA metabolite mass transport potential in overland runoff during both irrigation and 
rainfall events and compare that to estimated concentrations derived from leaching and 
attenuation studies.  Specifically, our goals were to 1) quantify the transport potential 
during irrigation and rainfall events and quantitatively evaluate relative ecological risk 
for different agricultural systems and scenarios, 2) utilize leaching and attenuation 
characteristics to predict the concentration in runoff from agricultural surfaces, and 3) 
assess the comparative risk of TBA metabolite transport from various types of animal 
agriculture operations (e.g., rangelands, CAFOs, etc.) and prioritize management 
strategies. 
 
Materials and Methods 
Site Characteristics- Field studies were conducted at the University of California 
Sierra Foothills Research and Extension Center (SFREC) near Browns Valley, CA.  
Experiments were conducted on 18 plot-scale (i.e., 6-10 m
2
) vegetative filter strips 
(VFSs) and a field-scale (i.e., 0.6 ha) irrigated pasture (Figure 1; for more VFS details, 
see Jones et al. in prep).
25
  Within the Scott-1 watershed of SFREC, a 0.6 ha irrigated 
pasture was used to quantify transport of TBA metabolites during irrigation (NAD 83 
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UTM 10S-645527E, 4346006N; Figure 1).  Vegetation on this pasture was similar to 
VFSs and was composed of introduced forage species (e.g, perennial ryegrass, fescue, 
and white and red clover).  Both the VFSs and irrigated pasture were flood irrigated 
regularly (every 2 weeks) to maintain forage production.  Irrigation water was supplied 
by the Browns Valley Irrigation District from Collins Lake (pH = 7.6, DOC = 5.7 ± 0.1 
mg/L).  The overall slope of the pasture was 8% and the topography was such that water 
applied to the sides of the pasture collected in the center and subsequently flowed to a 
collection ditch ~60 m downslope from the top (i.e., highest elevation) of the pasture 
(Figure 1).  At the top of the pasture, irrigation water was supplied through a ~20 cm pipe 
and was applied across the width of the pasture through 5 cm adjustable valves spaced 
~1.2 m apart.  A Parshall flume with a 7.62 cm (3 in) throat width was installed within 
the ditch to measure the runoff flow from the pasture.  The background flow in the ditch 
was estimated at <6 L/hr.  Two weeks before the experiment, valves on the periphery of 
the pasture were closed so that water only flowed through the center of the pasture until 
the runoff flow in the creek was comparable to previous irrigation studies conducted at 
SFREC (i.e., 0.03-0.1 m
3




   A 4.9 m wide x 9.8 m long 
enclosure (48 m
2
 or 0.0048 ha) was constructed to hold TBA implanted heifers and was 
placed 3 m from the top of the pasture such that irrigation water applied to the pasture 
would flow through the enclosure and contact manure, thereby leaching MDCs (Figure 
1).  Aluminum surface-runoff collectors were installed 1 m upslope and 0.3, 3, and 30 m 
down slope from the enclosure (i.e., ~2, 13, 16, and 43 m down slope from the point of 
water application) to collect surface runoff.   
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Four 18 month old Hereford/Angus cross heifers (~350 kg) were implanted with 
Revalor G (40 mg TBA and 8 mg estradiol, for use on rangeland cattle) as previously 
described.
24
  For rainfall experiments, heifers were penned in a covered barn to collect 
manure from a precleaned concrete floor or within the irrigated pasture enclosure.  
Animals were handled in accordance to guidelines prescribed by the University of 
California, Davis Animal Care and Use Committee. 
Irrigation Transport- Four days prior to penning the heifers, the pasture was flood 
irrigated to achieve partial saturation and promote runoff during the experiment.  On 
October 10, 2012, four heifers were penned in the enclosure for 24 hours, which was the 
amount of time they needed to consume the available forage.  While the absolute 
stocking density was ~550 animal units (AU)/ha (yearlings are considered 2/3 of an AU; 
0.67*4 AU/0.0048 ha ≈ 550 AU/ha), grazing occurred over 1 day; therefore, the time 
weighted stocking density was 550 animal unit days (AUD)/ha or 19 animal unit months 
(AUM)/ha (7.5 AUM/acre), which is more typical description of the relative stocking 
density (30 AUD = 1 AUM).  The AUM is a typical method for characterizing the 
number of animals a pasture can support for one month and is equivalent to the carrying 
capacity of a pasture.  A carrying capacity of 19 AUM/ha is equivalent to ~42,00 kg of 
forage.  Carrying capacities vary depending on forage production, animal age, and 
season, but for irrigated pastures, they typically range from 2-30AUM/ha (1-12 AUM/ac) 
and are 2.5 AUM/ha (1 AUM/ac) for high productivity rangelands but can be as low as 
0.05 AUM/ha (0.02 AUM/ac) for arid rangelands.
27-32
  For Northern California, 16 
AUM/ha is typical.
27-32
  While the carrying capacity for the enclosure was 19 AUM/ha, 
the grazing intensity dictates how long animals can graze on a particular pasture.  In 
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general, under high grazing intensities, cattle consume all available forage in 1-5 days. 
27-
32
  Therefore, the absolute stocking density ranges from 550 AU/ha for 24 hours of 
grazing to 110 AU/ha for 5 days of grazing.  Under low grazing intensities, cattle can 
graze continuously as forage production exceeds forage consumption.
27-32
 
The transport potential is a function of the timing of irrigation as well as the age 
of manure on the land surface.  As manure ages, the leaching potential decreases as 
steroids are transformed microbially.
24
  Therefore, irrigating immediately after cattle are 
removed from pasture limits the time for transformation.  Furthermore, during maximum 
intensity grazing (e.g., 24 hour grazing with a density of 550 AU/ha), the average age of 
the manure is <1 day.  Conversely, under low intensities (e.g., 30 day grazing with a 
density of 19 AU/ha), the average age of the manure is ~15 days.  While the manure 
accumulation is expected to be the same, irrigating immediately after high intensity 
grazing corresponds to the greatest transport risk of contaminants.  In order to evaluate 
this highest risk scenario, irrigation water was applied to the top of the pasture 
immediately after the heifers were removed from the enclosure.  As the irrigation water 
moved down slope, we collected the “first flush” (i.e., the water present at the inception 
of runoff) at each location as well as subsequent samples at t=15, 30, 60, and 90 minutes 
following the first flush at each of the four runoff-collector trays (i.e., upslope and 0.3, 3, 
and 30 m down slope of the enclosure).  Within the ditch, we volumetrically monitored 
the flow using the Parshall flume and opportunistically collected water samples for MDC 
analysis.  All samples were collected in 4 L amber bottles and processed in the 
field/laboratory for TBA metabolites, nutrients (i.e., total ammonia, nitrate, nitrite, 





  All coliform and most nutrient and DOC samples where analyzed 
within 24 hours (see SI for coliform, nutrient, and DOC analysis procedures).  All TBA 
metabolite samples (1 L) were spiked with 1 mL of 100 μg/L (i.e., 100 ng) of 17β-
TBOH-d3 internal standard in methanol, and immediately loaded onto 6 mL C-18 solid 
phase extraction (SPE) cartridges (Restek, Bellefonte, PA, USA; Q < 10 mL/min) within 
3-4 hours of sample collection.  SPE cartridges were stored at 1°C prior to elution and 
analysis.   
Rainfall Transport- Rainfall leaching and subsequent overland transport of TBA 
metabolites was evaluated using several VFSs.  We applied 1-19 kg-ww of fresh manure 
to various VFSs during 6 rainfall events.  In order to quantify rainfall leaching, a 1 kg-
ww sample was suspended within 3 stainless steel pots as previously described.
24
  
Manure leachate was collected from the bottom of the pot and was analyzed for TBA 
metabolites in order to estimate the mass that was leached from a 1 kg-ww sample.  This 
estimate was scaled linearly to estimate the mass that was leached from the manure that 
was placed onto each VFS.  In general, manure was placed at the bottom and top of each 
VFS in order to evaluate attenuation.  Each VFS was equipped with a runoff collection 
trough constructed of concrete and aluminum.  When manure was placed at the bottom of 
each VFS, TBA metabolites leached from manure and immediately flowed into the 
collection trough, thereby minimizing attenuation.  The treatment efficiency was 
determined by comparing runoff concentrations from VFSs with manure placed at the 
bottom or top of the plot.  Beginning with the inception of runoff, we collected 4 L water 
samples from the collection trough of each VSF at 30 minute time increments throughout 
the duration of the event.  Immediately after collection, samples were processed and 
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loaded onto SPE cartridges, which were taken to the laboratory and stored at 1°C prior to 
elution and analysis. 
Sample Analysis- TBA metabolite processing, analytical methods, and the 
chemicals used in processing and analysis were described elsewhere.
19, 23, 24
  Briefly, we 
analyzed 17α-TBOH, 17β-TBOH, TBO, and 17β-TBOH-d3 using an Agilent 6890N Gas 
Chromatograph (Santa Clara, CA, USA) paired to a Waters Quattro Micromass 
spectrometer (Milford, MA, USA).
19, 23
  The limit of detection for 17α-TBOH, 17β-
TBOH, and TBO was 1, 0.5, and 1 ng/L, respectively.
19, 23
  QA/QC measures included 
field blanks (i.e., irrigation and rain water) and laboratory spikes (1 mL of 100 μg/L [i.e., 
100 ng] of 17α-TBOH, 17β-TBOH, and TBO) that were analyzed as previously 
described.  With the exception of TBO, all field blanks were below the limit of detection, 
suggesting no sample contamination.  TBO was not detected in irrigation or rain water, 
but analysis was complicated by a co-occurring interfering peak in overland flow 
precluding TBO detection in surface runoff samples.  In all samples, the average 17β-
TBOH-d3 recovery was 91 ± 13%.  (n = 109).  17α-TBOH, 17β-TBOH, and TBO spike 
recoveries were 109 ± 17%, 83 ± 14%, and 103 ± 38%, respectively (n =5). 
 
Results and Discussion 
Irrigation transport- We flood irrigated a pasture where 4 heifers were penned for 
24 hours to evaluate the MDC transport potential during irrigation.  The stocking density 
within the pen was 19 AUM/ha, which is representative stocking densities on irrigated 
pasture in Northern California.
31
  Immediately after the heifers were removed, irrigation 




/s/acre) for 150 minutes.  The total 
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).  Therefore, similar to 
typical irrigation rates at SFREC, the bulk application rate was 1.1 cm/hr.
26
  At 4 
minutes, irrigation water entered the enclosure, where the linear velocity of the wetting 
front was ~ 0.67 m/min.  Therefore, surface runoff began 15 minutes after water entered 
the enclosure.  During this initial period, all MDCs leached from manure were 
subsequently infiltrated into the subsurface with the wetting front, thus transport did not 
occur until the wetting front moved out of the enclosure.  At 0.3, 3, and 30 m down slope, 
runoff began at t = 19, 41, and 70 minutes.  The irrigation water was turned off after 149 
minutes, and after 209 minutes, the flow within the ditch was near baseline levels.  The 





).  Therefore, the bulk runoff rate was 0.8 cm/hr, and based on the difference between 
runoff and discharge, the bulk infiltration rate was estimated to be 0.3 cm/hr, suggesting 
that ~27% of the applied water infiltrated.  At the end of the experiment, the estimated 
wetted flow area was 0.1 ha. 
In manure samples collected within the enclosure, concentrations of 17α-TBOH 
and TBO were 14 ± 3 ng/g-dw and 5 ± 1 ng/g-dw manure, respectively, while 17β-TBOH 
was not detected.  No TBA metabolites were detected within irrigation water or in runoff 
1 m upslope of the enclosure, but 17α-TBOH concentrations within the first flush at 0.3 
m downslope of the enclosure were 11.0 ± 0.3 ng/L (Figure 2).  At 0.3 m, concentrations 
quickly decreased with time, falling below 1 ng/L within 60 minutes of the first flush.  At 
3 m downslope of the enclosure, 17α-TBOH concentrations within the first flush were 2.0 
± 0.1 ng/L but dropped to <1.0 ng/L within 30 minutes of the first flush.  At 30 m down 
slope of the enclosure, 17α-TBOH was not detected in any sample.  The rapid reduction 
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in 17α-TBOH indicates that after runoff from pastures, concentrations will only exceed 
the 1 ng/L threshold for <60 minutes.  Despite no detects within manure samples, 17β-
TBOH was detected within the first flush sample at 0.3 m at 10 ± 4 ng/L and the first 
flush sample at 3 m at 1.0 ± 0.1 ng/L.  Within the enclosure, fresh manure samples were 
collected for TBA metabolite analysis, and while 17β-TBOH was not detected within 
fresh manure, it is likely that 17β-TBOH was derived from interconversion of 17α-TBOH 
or TBO that was excreted shortly after the heifers were penned within the enclosure.
33, 34
  
No TBA metabolites were detected within the ditch, indicating complete attenuation of 
TBA metabolites over 60 m of transport in the field, and no TBA-derived risk in this 
receiving water. 
Initial concentrations in the first flush and subsequent concentration reductions in 
concentration through time at a given location are consistent with diffusion dominated 
leaching.
24
  Over time, MDC concentrations decrease because less mass leaches from 
manure and “clean” irrigation water dilutes the mass that does leach.  Between 0.3 and 3 
m, we observed an 83% reduction in concentration.  While this is similar to the 78% 
reduction we observed previously,
25
 reductions in concentration are likely a result of 
partitioning to immobile organic matter and soils as well as infiltration of the first flush.  
While these two processes cannot be differentiated with this dataset, the transport 
potential decreased substantially within 3 m of the edge of the enclosure.  While 
increasing VFS length did not decrease concentrations when 17α-TBOH mass was 
steadily applied,
25
 increasing length does increase the volumetric infiltration capacity of 
the first flush, thereby reducing subsequent overland flow concentrations.  To the best of 
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our knowledge, no studies have evaluated the transport potential of TBA metabolites or 
other steroids, so direct comparisons were not possible. 
Compared to 17α-TBOH, transport of total ammonia exhibited similar spatial and 
temporal patterns, which is consistent with previous findings (Figure 2).
25
  Background 
concentrations at all locations within the pasture for total ammonia were 0.06 ±0.04 mg-
N/L.  Concentrations in the first flush at 0.3 m down slope of the enclosure were 10.7 
mg-N/L but dropped to 4.0 mg-N/L and 1.3 mg-N/l after 15 minutes and 91 minutes, 
respectively.  At 30 m downslope, ammonia was not detected.  Concentrations of nitrate, 
orthophosphate, DOC, and total coliforms all decreased as the wetting front moved down 
slope, but were still present in first flush samples at 30 m (0.17 ± 0.05 mg-N/L, 0.10 ± 
0.07 mg-P/L, 24.4 ± 0.3 mg-C/L, and 1.2x10
7
 CFU/100 mL; see Figure S1 for 
corresponding E. coli runoff concentrations).  While this argues against infiltration as an 
explanation for attenuation of 17α-TBOH and ammonia, 30 m first flush concentrations 
were quite similar to background concentrations (0.30 ± 0.05 mg-N/L, 0.21 ± 0.06 mg-
P/L, 25.4 ± 0.1 mg-C/L, 1.0x10
7
 CFU/100 mL), suggesting that the pasture was a source 
for these contaminants and that the mass present within the first flush was accumulated 
from the land surface.  Similar concentrations of ammonia, nitrate, orthophosphate, and 





 CFU/100 mL, respectively)
26, 35-39
, suggesting that runoff  was 
representative of irrigated pasture runoff.   
Mathematically, we described the cumulative mass of 17α-TBOH that can leach 
from manure using the following equation:
24
  
   ( )         
     
    (1) 
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is the concentration of 17α-TBOH in manure (ng/g-dw), and t is the water/sample contact 
time (s).
24
  Because the equation 1 is a power function, the leaching potential rapidly 
decreases with time, which is consistent with observations (Figure 2).  Thus 
concentrations should be greatest in the first flush and decrease through time.  Therefore, 
as the irrigation wetting front moves down slope, continual infiltration of the first flush 
mass is likely efficient at reducing concentrations of TBA metabolites and MDCs from 
surface flows, as higher concentration infiltration water is continually replaced by 
“newer” surface runoff at lower concentrations.  
We estimated the mass of 17α-TBOH in the first flush from the enclosure using 
equation 1.  In leaching experiments, the bulk manure/water interfacial area was well 
defined and predictable; therefore, we assumed, based on field sample measurements, 
that the bulk manure/water interfacial area of a 1 L manure sample was the same as an 






  We 
estimate that 9.0 kg-dw of manure was excreted within the enclosure over 24 hours, 
therefore, the total interfacial area for mass transfer is ~45,500 cm
2
.  This area was 
multiplied by equation 1 to obtain the total mass of 17α-TBOH that could leach from 
manure with throughout the duration of the experiment.   
In order to estimate 17α-TBOH concentrations, we discretized the enclosure into 
10 x 1 m blocks, and because a linear velocity of the wetting front was 0.67 m/min, the 
retention time within each block was 1.5 minutes.  We used a simplistic Lagrangian 
approach to sum the mass of 17α-TBOH that could diffuse into a parcel of water over 1.5 
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minutes as it moved through each block while accounting for infiltration losses.  Using 
this approach, the estimated concentration of 17α-TBOH within the first flush was ~3 
ng/L, which is ~ 4 fold less than what was measured (i.e., 11 ng/L).   
This approach likely overestimates the first flush concentration for several 
reasons.  First, we assumed that the total surface area was completely submerged which is 
an overestimate.  Second, the Lagrangian model didn’t account for dilution from 
“cleaner” water that travels overland following the first flush.  Finally, it doesn’t account 
for partitioning and attenuation that occurs within the enclosure.  Assuming partitioning 
within the enclosure reduces the concentration by ~80%,
25
 the estimated first flush 
concentration was 0.6 ng/L.  The disparity between the observed and modeled first flush 
concentration is likely due to uncertainty in the estimate of the manure/water interfacial 
area.  Within the enclosure, it was readily apparent that the manure was greatly disturbed 
and that the interfacial area was substantially larger as a result of the cattle activity.  
While the stocking density was suitable for the heifers within the enclosure for 24 hours, 
the grazing intensity was substantially higher compared to typical grazing intensities.  As 
grazing intensities increase, the interfacial area is likely to disproportionately increase as 
a result of physical disturbance to the manure; therefore, modeling interfacial area as a 
cylinder is likely to be invalid except for low stocking densities.  This has profound 
implications for fields fertilized with manure.  As the interfacial area increases, the 
leaching potential of TBA metabolites and other steroids increases substantially.  It is 
difficult to estimate the change in surface area after it has been amended into soils, but 
the interfacial area is likely to be several orders of magnitude greater on fertilized fields 
compared to pastures and rangelands.  Therefore, the transport potential is likely to be 
131 
 
substantial on fields fertilized with manure.  In order to use the diffusion and leaching 
model to predict the mass leaching, some estimate of the interfacial surface area of the 
manure is necessary.  
First flush runoff concentrations of 17α-TBOH immediately downslope of the 
enclosure were quite low (i.e., 11 ng/L) compared to the reported runoff concentrations of 
TBA metabolites from CAFOs and fields fertilized with TBA implanted manure (e.g., 
100-350 ng/L).
17, 18, 20, 25
  This indicates that the transport potential of TBA metabolites 
on irrigated pasture is likely substantially lower than other agro-ecosystems.  While 
stocking densities vary, observed densities were higher than typical values for irrigated 
pasture.  Therefore, it is likely that runoff concentrations of TBA metabolites and other 
steroids are <1 ng/L under most all irrigated pasture and rangeland scenarios.  Although 
the irrigated pasture was a sink for 17α-TBOH and total ammonia, the transport potential 
was higher for orthophosphate, nitrate, DOC, and total coliforms as the pasture was a 
source for these constituents down slope of the enclosure.  Therefore, the relative 
transport risk of these contaminants is greater than that of TBA metabolites. Therefore, 
managing runoff to control other MDCs, such as orthophosphate, will also effectively 




Rainfall Transport- We placed TBA implanted manure on 3 VFSs and collected 
runoff following rain events to evaluate the rainfall mediated transport potential.  While 
manure was exposed to 6 rainfall events, runoff was only generated for two rainfall 
events on March 16 and December 2, 2012.  On March 16, runoff lasted for 2 hours 
during which time, 0.79 cm of rain fell with a maximum intensity of 0.33 cm/hr.  Fresh 
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manure (4 kg-ww) was placed on 9 VFSs, but runoff was generated from only 3 VFSs.  
These included a 4 m VFS with manure placed at the bottom and a 4 and 5 m VFS with 
manure placed at the top.  The manure density was 0.5 and 0.4 kg-ww/m
2
 on 4 and 5 m 
VFSs, respectively, which corresponds to a relatively high pasture stocking density of 
100-125 AU/ha (see SI for calculation and discussion on stocking densities).  We 
estimate that 63 L of rainfall was intercepted by the 4 m VFSs, and in the stainless steel 
pots, 94 ± 2 ng of 17α-TBOH leached from 1 kg-ww of manure.  Therefore, we estimate 
that the runoff concentration from the 4 m VFS with 4 kg-ww of manure placed at the 
bottom of the strip was 6 ng/L (i.e., [92 ng/kg-ww x 4 kg-ww]/63 L).  In runoff from 
VFSs with manure placed at the bottom of the strip, actual runoff concentrations were 9 ± 
2 ng of 17α-TBOH (17β-TBOH and TBO were not detected).  When manure was placed 
at the top of 4 and 5 m VFSs, no TBA metabolites were detected (Figure 3).  In previous 
experiments where manure leachate was applied to VFSs, we observed ~70-90% removal 
of 17α-TBOH in VFS runoff.
25
  Therefore, assuming 80% removal efficiency, 17α-
TBOH runoff concentrations were predicted to be ~1 ng/L which is comparable to 
observed concentrations, which were below the limit of detection (i.e. <0.5 ng/L).  
Because the likely NOEL of 17α-TBOH is 1 ng/L, the ecological risk associated with 
TBA metabolites transport during this event (and other scenarios with low intensity 
rainfall and high cattle stocking densities) is likely low. 
In order to increase the likelihood of detecting TBA metabolites in runoff, 19 kg-
ww of fresh manure was placed at the top of 3 VFSs (3, 4, and 5 m) on December 2, 
2012.  During this event, runoff lasted for 2 hours during which time, 5.0 cm of rain fell 
at a maximum intensity of 1.85 cm/hr.  Runoff was generated from all 3 VFSs.  The 
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manure density was 3.2, 2.4, and 1.9 kg-ww/m
2
 on 3, 4, and 5 m VFSs, respectively, 
which corresponds to an extreme 24-hour stocking density on pastures of ~620 AU/ha 
(see SI for calculation).  We estimate that 300-500 L of rainfall was intercepted by each 
VFS, and in the stainless steel pots, 1,800 ± 800 ng of 17α-TBOH leached from 1 kg-ww 
of manure.
24
  Therefore, assuming 80% treatment efficiency, we estimate that the runoff 
concentrations ranged from 11 ng/L from each VFS (i.e., [92 ng/kg-ww x 4 kg-ww]/63 
L).
25
  Within rainfall runoff, 17α-TBOH concentrations ranged from 0 - 7 ng/L and 
averaged 2 ± 1 ng/L from all VFSs (Figure 4).  17β-TBOH was detected within a single 
sample at 2 ng/L.  Unlike the March 16 storm event, manure was not placed at the bottom 
of any VFS, and as a result, the removal efficiency could not be evaluated.  Nevertheless, 
under this scenario (i.e., high manure and rainfall intensity), average 17α-TBOH runoff 
concentrations from all VFSs were 2 ng/L.  Because the likely NOEL of 17α-TBOH is 1 
ng/L, the ecological risk associated with TBA metabolites transport during this event 
(and other scenarios with high intensity rainfall and extreme cattle stocking densities) is 
likely low. 
Rainfall-induced runoff concentrations of 17α-TBOH and 17β-TBOH from 
CAFOs and from fields fertilized with TBA implanted manure are frequently reported at 
concentrations >100 ng/L and have been reported as high as 350 and 270 ng/L, 
respectively.
17, 18, 20, 25
  This suggests that compared to CAFOs and fields fertilized with 
TBA implanted manure, the transport potential is substantially lower on rangelands and 
irrigated pastures.  Based on the manure production and concentration of TBA 
metabolites, we estimated that the greatest potential for leaching occurred 20 days post 
implantation.
24
  For a 1, 5, and 10 cm rainfall event, the mass of 17α-TBOH that can 
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leach ranges from 4,000-48,000 ng/AU (Figure 5a); however, when normalized to the 
bulk volume of water across a 1 ha pasture, the estimated 17α-TBOH concentration in 
runoff from pastures with typical pasture stocking densities of 20 AU/ha (8 AU/acre) is 
<1 ng/L without VFS treatment (Figure 5b).  This represents the worst case scenario (i.e., 
rainfall event at 20 days post implantation).  Furthermore, using VFSs to treat runoff, 
concentrations are expected to be <1 ng/L with stocking densities as high as 100 AU/ha 
(~40 AU/acre), which is only likely to occur under the most intensive grazing strategies.  
Because runoff concentrations from pastures are not likely to exceed 1 ng/L, the 
ecological risk associated with rainfall transport of TBA metabolites is low throughout 
most of the implant life.  Furthermore, unless pastures comprise an entire watershed, 
runoff generated outside of the pasture will further dilute concentrations of TBA 
metabolites.   As a result, we expect concentrations in rainfall-induced runoff from 
pastures to be less than likely NOELs. 
Agro-ecosystem Risk- Based on the number of studies evaluating their ecotoxicity 
and fate, there is substantial interest in understanding the risks associated with TBA use 
and steroid fate in general in agro-ecosystems.  However, few studies have examined the 
in situ transport potential of such compounds.  Within this study, the concentrations of 
TBA metabolites, predominately 17α-TBOH, were ≤ 11 ng/L in irrigation and rainfall 
runoff, implying a low risk and likely mass transfer limited system.  We irrigated 
immediately after cattle were removed from the enclosure, thereby minimizing TBA 
metabolites losses due to transformation.  Under intensive management strategies (i.e., 
grazing all forage in 24 hours), pastures are ungrazed for several weeks to promote 
vegetation regrowth after cattle have been removed.  If irrigation occurred at least 2 days 
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after cattle have been removed from pasture, TBA metabolite concentrations could be 
reduced by 50%, and delaying irrigation 5 days after cattle are removed from pastures 
can reduce concentrations by 90%.
24
  Therefore, targeted timing of irrigation following 
intensive grazing on pastures can be an effective management strategy to minimize the 
transport potential of TBA metabolites. 
Our data indicate that concentrations exceed likely NOELs only for short periods 
of time (30-60 minutes) during irrigation.  Given that irrigation durations of 9 hours are 
typical, ecosystem exposure to levels of TBA metabolites capable of endocrine disruption 
should be transient at best.  Furthermore, we observed ~80% reduction in concentrations 
due to VFS treatment and infiltration.  Coupled with a delay in irrigation after cattle are 
removed from pasture, TBA metabolite concentrations in runoff can realistically be 
reduced by 90%.
24, 25, 34, 44
  Therefore, we predict that the ecosystem risks associated with 
TBA use in well managed irrigated pastures is minimal. 
The mass balance calculations used to estimate the mass of 17α-TBOH in rainfall 
runoff suggest that for rangelands and pastures, runoff concentrations should not exceed 
likely NOELs as long as absolute stocking densities (i.e., AU/ha) are <20-25 AU/ha 
within the entire watershed (Figure 5b).  Except for productive systems, 20-25 AU/ha 
exceeds the carrying capacity in most pastures and exceeds the carrying capacity on 
rangelands by >1,000.
27-32
  Under intensive grazing scenarios, the absolute stocking 
density within a pasture can exceed 25 AU/ha temporarily.  Therefore, during intensive 
grazing, localized (i.e., on a single pasture) TBA metabolites concentrations can exceed 1 
ng/L, but runoff generated throughout the watershed will reduce concentrations below the 
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likely NOEL.  Therefore, 17α-TBOH contributions to receiving bodies of water from 
rainfall induced leaching from pastures and rangelands should be minimal.   
In addition to rangelands and pastures, we scaled these estimates to predict the 
likely concentrations of 17α-TBOH in CAFO runoff.  Based on a 40 mg TBA implant 
and stocking densities of 1,000 AU/ha, the 17α-TBOH runoff concentration should 
always be below 50 ng/L (Figure 5b).  On CAFOs, TBA implant dosages typically range 
from 80-200 mg.  Therefore, it is not unreasonable to expect rainfall runoff 
concentrations from feedlots to range from 100-250 ng/L based on higher mass source 
alone, which closely agrees with published literature.
17, 18, 20, 25
  Surprisingly, while the 
estimated mass leached increased with increasing rainfall depth, predicted runoff 
concentrations were relatively constant given stocking density (Figure 5b).  This indicates 
that runoff concentrations are independent of the intensity and magnitude of a rainfall 
event, which is supported by observations (Figure 4) and are instead governed largely by 
the number of animals on the land surface. 
These mass balances can be extended to estimate the mass that can leach during 
rainfall for other steroid hormones excreted by cattle.  Using published data on steroid 
excretion, we estimate that bulls and cycling cows excrete 30 µg estrogens (i.e., 17α-
estradiol, 17β-estradiol, and estrone)/kg-dw manure/day while bulls can excrete 105 µg 
of androgens (i.e., 17α-testosterone, 17β-testosterone, and androstenedione)/kg-dw/day.
7, 
45
  Given their similarity in structure, these steroids are expected to similar to TBA 
metabolites in terms of transport during rainfall events.  Therefore, using rainfall leaching 
models developed previously,
25
 we predict that 560-3,530 ng/kg-dw of estrogens and 
2,350-14,820 ng/kg-dw of androgens can leach from 1-5 cm rainfall events.  On average, 
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at any day post implantation, the expected mass of 17α-TBOH that can leach from a 1-5 
cm rainfall event is 140-880 ng/kg-dw, respectively.  Because estrogen and androgen 
concentrations in manure are relatively constant, runoff concentrations are expected to be 
4-16 times greater, respectively, than 17α-TBOH on average.  For estradiol and 
testosterone, NOELs range from 5-100 ng/L,
21
 so while concentrations in irrigated 
pastures and rangelands are still expected to be below this threshold, concentrations in 
CAFO runoff could be >1,000 ng/L. Thus, the risk of transport and endocrine disruption 
from endogenous steroid hormones is large. 
While our data indicate that the transport potential of 17α-TBOH is low on 
rangelands and irrigated pastures, this does not necessarily imply that the risk of TBA use 
on these systems is always minimal.  In particular, when cattle have direct access to 
water, which is particularly common in rangeland systems, the risks associated with TBA 
use increases substantially because mass transfer limitations on leaching can be entirely 
absent.  Several important attenuation processes (e.g., sorption, transformation, 
infiltration) 
19, 24, 25, 34, 42, 44
  are bypassed when steroid containing wastes experience long 
term direct contact with receiving waters.  Thus, TBA metabolites and other steroids 
hormones can leach directly into the water column at concentrations 15-20 times greater 
than what is observed in runoff.
24
  Therefore, management practices should be focused on 
preventing cattle from having direct access to surface bodies of water, not only for steroid 
endocrine disruption risks, but also to minimize nutrient and pathogen loads to surface 
waters. 
Finally, the known risks associated with TBA metabolites in laboratory systems 
may actually underrepresent the risks in environmental systems.  Based on our studies 
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and current literature, no more than 10% of the total implant mass is excreted as the 
known TBA metabolites (17α-TBOH, 17β-TBOH, and TBO), thus over 90% of the TBA 
implant mass is completely uncharacterized and poses an unexamined ecological risk.
24, 
33
  If 17α-TBOH runoff concentrations are expected to be <1 ng/L, it is possible that the 
concentration of all possible TBA metabolites is up to an order of magnitude greater, 
although ecotoxicity of this complex steroid mixture remains unknown.
46
  To better 
characterize the risks associated with TBA use in agro-ecosystems, future work also 
needs to focus on identifying uncharacterized TBA metabolites and evaluating their 
ecotoxicity and transport potential. 
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(a) Schematic diagram of 3 vegetative filter strips (VFSs) of 2 m width x 3, 4, and 5 m 
length.  Leachate was applied uniformly across the top of each VFS and was collected in 
aluminum trays at the bottom of each strip.  (b) Irrigation water was applied to a 0.1 ha 
pasture (wetted area defined by outline).  A ~50m
2
 enclosure (rectangle) was placed in 
the middle of the flow area.  The water flow path is estimated by the arrow.  Water was 
collected at five sampling locations (circles): 1 m upslope of the enclosure and 0.3, 3 and 
30 m downd slope within the flowpath.  Water was also collected within a ditch outside 





Contaminant pollutographs in runoff (a) 1 m upslope of the cattle enclosure, and (b) 0.3 
m, (c) 3.0 m, and (d) 30 m down slope of the enclosure.  All concentrations were 
normalized to the concentrations measured within the first flush at 0.3 m down slope of 
the enclosure (concentrations listed in legend).  Error bars represent 95% confidence 
intervals (n = 3), and the vertical line indicates the time of concentration of the first flush.  






Observed and predicted concentrations of 17α-TBOH in rainfall runoff from the VFSs 
with manure placed at the bottom of the strip (i.e., without VFS treatment; 4 m, bottom) 
and from VFSs with manure placed at the top of the strip (i.e., with VFS treatment, 4 and 
5 m, top).  Runoff was generated from a 0.79 rainfall event that lasted 2 hours on March 
16.  Predicted concentrations were generated from mass balance estimates assuming 0% 
and 80% VFS treatment efficiency when manure was placed at the bottom and top of 
each strip, respectively. 
24







Observed and predicted concentrations of 17α-TBOH in rainfall runoff from the 3 m, 4 
m, and 5 m vegetative filter strips on December 2, 2012 during a 5 cm storm event that 
lasted 2 hours.  Manure was placed at the top of each VFS, and predicted concentrations 
were generated from mass balance estimates and assuming ~80% removal of 17α-TBOH 
in VFSs runoff. 
24






 (a) Average estimated 17α-TBOH mass leached per animal unit (AU) for a 1, 5, and 10 
cm storm event at any day post implantation derived from Jones et al. (in review),
24
 and 
(b) the average predicted concentration of 17α-TBOH in runoff from a 1, 5, and 10 cm 
rainfall events on a 1 ha pasture under various stocking densities.  The greatest leaching 
potential occurs at t = 20 days post implantation and corresponds to the greatest transport 
potential. Typical stocking densities for irrigated pastures range from 2-30 AU/ha (1-12 
AU/acre) while stocking densities for confined animal feeding operations range from 
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Materials and Methods 
Contaminant Analysis- In addition to TBA metabolites, irrigation leaching 
samples were analyzed for ammonia, nitrite, nitrate, orthophosphate, total coliforms, E. 
coli, and dissolved organic carbon (DOC) using standard approaches.  Immediately after 
samples were collected, samples were thoroughly mixed, and a 100 mL subsample was 
collected in sterilized 120 m plastic vessels purchased from IDEXX Laboratories for total 
coliform and E. coli analyses.  Maximum probably number (MPN) concentrations were 
determined using the ‘Colilert’ defined substrate method from IDEXX. The IDEXX 51 
well trays were filled with 100 mL of diluted sample (1:100,000 dilution) mixed with the 
‘Colilert’ synthetic media, sealed using the Quanti-tray
TM
 sealer, and incubated at 35 °C 
for 24 hours. Positive detect wells were counted and compared with standard Quanti-
tray
TM
 MPN tables.  TOC samples were acidified to pH = 2 using phosphoric acid and 
analyzed using a Shimadzu TOC combustion analyzer. Ammonia, ammonium, nitrite, 
nitrate, and orthophosphate were analyzed using flow injection analysis on a Lachat 
Quickchem 8500 auto analyzer. 
Stocking Densities- During the irrigated pasture experiment, the heifers consumed 
all available forage in 24 hours, which is the near maximum grazing intensity.  In general, 
during high-intensity grazing scenarios, cattle can consume all available forage in 1-5 
days.
1-6
  Assuming, a single animal unit (AU; i.e., 450 kg or 1000 lb adult) can excrete 40 
kg-ww of manure per day,
7
 the manure density on a single hectare (1 ha = 10,000 m
2
) 
from 24 hours of grazing would equate to 0.004 kg-ww/m
2
.  In rainfall transport 
experiments, we did not allow animals on VFSs.  Instead, we applied fresh manure to 
each VFS.    During the March 16 rainfall event, 4 kg-ww of manure was placed on 4 and 
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5 m VFSs for a manure density of 0.5 and 0.4 kg-w/m
2
, which is 100-125 times greater 
than the expected manure density resulting from 1 AU/ha.  Therefore, the equivalent 
stocking density is 100-125 AU/ha on each VFS.  During the December 2 rainfall event, 
19 kg-ww of manure was placed on 3, 4, and 5 m VFSs for a manure density of 3.2, 2.4, 
1.9 kg-ww/m
2
 and an equivalent 24-hour stocking density of 790, 590, and 475 AU/ha. 
 
Results and Discussion 
 
Figure S-4-1 
Total coliform (TC) and E. coli pollutographs in runoff (a) upslope of the cattle 
enclosure, and (b) 0.3 m, (c) 3.0 m, and (d) 30 m down slope of the enclosure.  All 
concentrations were normalized to the concentrations measured within the first flush at 
0.3 m down slope of the enclosure (concentrations listed in legend).  Error bars represent 
95% confidence intervals (n = 3), and the vertical line indicates the time of concentration 
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Summary- TBA metabolite transport potential, or the mass of TBA metabolites 
that can reach receiving waters, is a function of both the TBA metabolite leaching 
potential from manure and the attenuation potential on the land surface.  Using lab and 
plot scale experiments, the goals of this research were to generalize these processes 
mathematically in order to predict concentrations of TBA metabolites in runoff from 
pastures during irrigation and rainfall events.  Plot and field scale experiments were then 
conducted to evaluate the accuracy of leaching and attenuation models.  In two lab scale 
irrigation experiments, observed leaching was statistically identical to data generated 
from a 1-D diffusion model that was developed independently of observed data based on 
the physical and chemical properties of 17α-TBOH and manure.  This suggests that 17α-
TBOH leaching from manure is a diffusion limited process.  When this diffusion model 
was used to describe rainfall leaching, it drastically underestimated the mass that could 
leach during rainfall events, likely because it didn’t account for manure-particulate 
dislocation resulting from the physical impact of rain.  As a result, an alternative 
statistical model was developed to describe the mass leached from 5 rainfall events based 
on the concentration of 17α-TBOH in manure and the depth of rainfall.  Both the 
diffusion and statistical models were generalized based on the average concentration of 
17α-TBOH in manure (ng/g-dw) in order to scale leaching estimates based on manure 
production. 
Webster et al. (2012) developed an equation to describe average concentrations of 
TBA metabolites in manure based on manure production, TBA metabolite excretion, 
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first-order transformation, and time post implantation.
1
  Webster et al. (2012) used 
estimates from the literature to characterize these parameters; but in this study, each 
parameter was directly measured to most accurately describe manure concentrations.  
Based on the results from the diffusion model developed in this study, approximately 
4,000 ng of 17α-TBOH could leach from manure during a 9 hour flood irrigation event, 
assuming the animal was implanted with 40 mg TBA.  Based on the statistical model, 
approximately 22,000 ng of 17α-TBOH can leach from manure during a 5 cm rainfall 
event.  These estimates represent the greatest leaching potential during irrigation and 
rainfall and are expected to occur at 30 days and 15 days post implantation.  Because 
these models are physically based, particularly the diffusion model, they can be used to 
estimate not only the mass of TBA metabolites that can leach into the environment, but 
also the mass of endogenous steroids and organic pharmaceuticals that are common in 
animal agriculture. 
Few studies have examined TBA metabolite attenuation potential.  Khan et al. 
(2009) and Qiao et al. (2011) examined TBA metabolite sorption to soils and dissolved 
organic carbon, respectively, while Schiffer et. al. (2004) evaluated TBA metabolite 
removal in soil column experiments.
2-4
   Despite the utility of these experiments, the 
results generated from these studies are not necessarily representative of environmental 
attenuation because the solutions used were synthetic and do not take into account TBA 
metabolite interactions with manure-derived constituents.  Therefore, in this study, 
attenuation was evaluated on plot-scale surface experiments and subsurface experiments 
using realistic leachate, which was generated by allowing irrigation water to contact 
manure for 24 hours.  Leachate was continuously applied to surface VFS on four 
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different occasions, and on average, the observed removal of 17α-TBOH was 78%.  
Removal on VFS was steady through time, which is in direct contrast with subsurface 
removal.  Initially, removal in the single subsurface experiment was 68% but decreased 
to 36% over 75 minutes.  Differences in performance were likely due to differences in 
biological productivity on the plots.  VFSs are actively maintained throughout dry 
summer months via irrigation and are characterized by year-round vegetative growth, 
thereby promoting the likely presence of an active rhizosphere and biofilms, which may 
facilitate hydrophobic partitioning.
5
  Conversely, the watershed surrounding the 
subsurface runoff plot is limited by seasonal aridity.  Thus biological activity and 
production of near-surface organic matter is likely substantially lower in soils 
surrounding the soil trench.  If this assertion is correct, attenuation on pastures, which are 
actively managed to promote vegetative growth, is likely greater than attenuation on 
rangelands, which are characterized by lower primary productivity when compared to 
pastures.  
In both field scale irrigation experiments and plot scale rainfall experiments, 
runoff concentrations of 17α-TBOH were <11 ng/L, which is relatively close to likely no 
observed effects levels (NOELs) of 1 ng/L.  Compared to runoff from confined animal 
feedlots (CAFOs) and manure fertilized fields, where TBA metabolite concentrations 
often exceed 150 ng/L,
1, 6-8
 transport potential on pastures is relatively low and is likely to 
be even lower for rangelands due to lower stocking densities.  While the diffusion model 
closely matched lab scale leaching experiments, it underestimated the mass leached 
during the field scale irrigation experiment.  Four heifers were penned within an 
enclosure for 24 hours, during which the heifers greatly disturbed the manure, thereby 
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increasing its surface area.  While the diffusion model is a physically based model, 
estimates of the interfacial surface area must be accurate to accurately estimate the mass 
that can leach from manure.  During plot scale rainfall experiments, concentrations of 
17α-TBOH in runoff were predicted to be ~ 8 ng/L, but observed concentrations averaged 
2 ng/L, indicating that while improvements to the model can be made, the model 
reasonably estimates that mass that can leach during rainfall events. 
Using the rainfall leaching model, 17α-TBOH concentrations are expected to be 
below 1 ng/L without accounting for attenuation as long as stocking densities are <25 
animal units (AU)/ha, which is 10 times greater than densities found in rangelands.  
Assuming 80% attenuation of 17α-TBOH, concentrations are expected to be below 1 
ng/L as long as stocking densities are <100 AU/ha, which is 2 fold greater than densities 
found on even on the most productive pastures.  Therefore, under most scenarios, the 
risks associated with TBA use on pastures are minimal.  Relative to implants for 
rangelands and pastures, TBA implants for animals on feedlots contain 2-5 time the mass 
of TBA (i.e., 80-200 mg TBA).  Assuming the mass balance scales linearly with TBA 
implant mass, concentrations in rainfall runoff from CAFOs are expected to range from 
100-250 ng/L which matches closely with literature, 
1, 6-8
  suggesting that this mass 
balance approach is appropriate for estimating concentrations of TBA metabolites in 
rainfall-induced runoff from various agricultural surfaces. 
Management Implications- The results of these studies have implications for 
managing TBA metabolites in agricultural runoff.  Vegetative filter strips are commonly 
used to treat agricultural runoff.  On 3-5 m VFS, removal of 17α-TBOH was ~80%, even 
at concentrations as high as 150 ng/L.  When concentrations were low (i.e., 11 ng/L), 
159 
 
removal was as high as 90%, which may be more representative of 17α-TBOH 
attenuation from runoff given that concentrations are expected to be low (i.e., <10 ng/L).  
17α-TBOH experienced greater attenuation compared to other manure derived 
contaminants, including orthophosphate.  Orthophosphate has long been recognized as an 
agricultural pollutant, and is typically managed through the use of VFS.
9-11
  While the 
mechanisms of sorption are different (chemisorption vs. organic partitioning), these 
results indicate that managing for orthophosphate will likely control TBA metabolites.  In 
addition to using VFS, removing cattle from pastures prior to irrigation is recommended 
for reducing transport of agricultural contaminants.
12
  The half-life of 17α-TBOH in 
manure at 33°C was 1.6 days, and given that irrigation occurs during summer months 
with higher temperatures, removing cattle from pastures 2 days prior to irrigation could 
reduce the leachable fraction of 17α-TBOH in manure by 50%.  Also, prolonging 
irrigation 5 days after cattle have been removed could reduce concentrations by 90%.  
Therefore, 17α-TBOH concentrations in runoff could potentially be reduced by 90-99% 
using realistic management practices.  These management recommendations might be 
best suited when intense grazing practices are employed.  During intense grazing, cattle 
are on pasture for 1-5 days, after which, pastures are often “rested” for 3-4 weeks, where 
cattle are removed to allow for forage regrowth.
13-15
  With cattle removed from pastures 
for 3-4 weeks, irrigation can be timed to maximize contaminant transformation on the 
land surface.  Conversely, during low intensity grazing, cattle are on pastures 
continuously, and irrigation occurs while animals are on pasture.  Such practices, which 
promote contaminant leaching and transport, should be avoided. 
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A majority of the TBA metabolite mass that is leached during irrigation will 
infiltrate with water as the wetting front moves down slope.  While subsurface 
attenuation was less than surface attenuation (likely due to differences in soil structure 
and vegetative productivity), infiltration of the first flush is likely an effective 
management strategy for minimizing the transport of TBA metabolites.  In subsurface 
flows, the average velocity is smaller compared to surface flows thereby increasing the 
retention time of TBA metabolites within agro-ecosystems.  Khan et al. (2010) observed 
rapid transformation of 17α-TBOH in near saturated soils at 22°C (t1/2 = 4 hours).
2
  
Therefore, transformation is likely to be greater in the subsurface solely due to increased 
retention time.  Furthermore, organic carbon, including biofilms, in the near surface of 
the soil likely facilitates partitioning on pastures, which will temporarily sequester TBA 
metabolites thereby increasing retention times.  On CAFOs, where incidental or 
permitted direct discharge occurs, infiltration of the first flush into highly productive 
VFS/infiltration basins could be an effective means at minimizing transport of TBA 
metabolites. 
Finally, our results indicate that there is little risk due to transport of TBA 
metabolites from well managed pastures.  Because rangelands have lower stocking 
densities compared to pastures, this suggests that the risk associated with TBA use on 
rangelands is even lower.  However, the opposite is likely true when cattle have direct 
access to water, which is typical on rangelands.  Several important attenuation processes 
(e.g., sorption, transformation, infiltration) are bypassed when steroid-containing wastes 
experience long-term contact with receiving waters.  Thus, TBA metabolites and other 
steroids hormones can leach directly into the water column at concentrations 15-20 times 
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greater than what is observed in runoff.  Therefore, management practices should focus 
on preventing cattle from having direct access to surface bodies of water. 
Future research- Prior to this research, no studies have examined TBA metabolite 
leaching, attenuation, or transport on rangelands and pastures.  While this work increases 
our understanding of TBA metabolite fate and transport, future work should focus on 
better characterizing the leaching potential from manure during rainfall and irrigation 
events.  Specifically, the rainfall leaching model was derived from 5 rainfall events.  
More storm events are required to accurately predict the mass that can leach, and efforts 
should be made to take precise measurements of storm event characteristics (e.g., 10 
minute rainfall intensity, total storm duration, rainfall depth, etc.) from onsite weather 
stations.  Rainfall data used to generate the statistical model was generated from sites >15 
km away from SFREC.  Also, in order to estimate the mass that can leach during 
irrigation events, accurate estimates of the manure/water interfacial area must be made.  
This should involve field scale measurements that include animal density and time on 
pasture to estimate some metric of manure disturbance.   
During plot-scale experiments, attenuation of 17α-TBOH did not increase with 
increasing VFS lengths, indicating that some fraction of 17α-TBOH was highly mobile.  
It is possible that transport was facilitated by sorption to manure colloids, which has been 
shown to occur with agricultural antibiotics.
16
  Minimizing manure-colloid transport 
could reduce the mobility of 17α-TBOH; therefore, future research should characterize 
the transport potential of manure-colloids in agro-ecosystems. 
Finally, the ecological risks associated with TBA metabolites have been evaluated 
in laboratory systems.  This may underrepresent the risks in environmental systems.  
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Based on the results of this study and current literature, no more than 10% of the total 
implant mass is excreted as the known TBA metabolites (17α-TBOH, 17β-TBOH, and 
TBO).  Thus over 90% of the TBA implant mass is completely uncharacterized and poses 
an unexamined ecological risk.  If 17α-TBOH runoff concentrations are expected to be 
<1 ng/L, it is possible that the concentration of all possible TBA metabolites is up to an 
order of magnitude greater, although ecotoxicity of this complex steroid mixture remains 
unknown.  To better characterize the risks associated with TBA use in agro-ecosystems, 
future work needs to focus on identifying uncharacterized TBA metabolites and 






1. Webster, J. P.; Kover, S. C.; Bryson, R. J.; Harter, T.; Mansell, D. S.; Sedlak, D. 
L.; Kolodziej, E. P., Occurrence of Trenbolone Acetate Metabolites in Simulated 
Confined Animal Feeding Operation (CAFO) Runoff. Environmental Science & 
Technology 2012, 46, (7), 3803-3810. 
2. Khan, B.; Lee, L. S., Soil temperature and moisture effects on the persistence of 
synthetic androgen 17α-trenbolone, 17β-trenbolone and trendione. Chemosphere 2010, 
79, (8), 873-879. 
3. Qiao, X.; Carmosini, N.; Li, F.; Lee, L. S., Probing the primary mechanisms 
affecting the environmental distribution of estrogen and androgen isomers. 
Environmental Science & Technology 2011, 45, (9), 3989-3995. 
4. Schiffer, B.; Totsche, K. U.; Jann, S.; K\ögel-Knabner, I.; Meyer, K.; Meyer, H. 
H. D., Mobility of the growth promoters trenbolone and melengestrol acetate in 
agricultural soil: column studies. Science of the Total Environment 2004, 326, (1-3), 225-
237. 
5. Writer, J. H.; Ryan, J. N.; Barber, L. B., Role of biofilms in sorptive removal of 
steroidal hormones and 4-nonylphenol compounds from streams. Environmental Science 
& Technology 2011, 45, (17), 7275-7283. 
6. Bartelt-Hunt, S. L.; Snow, D. D.; Kranz, W. L.; Mader, T. L.; Shapiro, C. A.; 
Donk, S. J. v.; Shelton, D. P.; Tarkalson, D. D.; Zhang, T. C., Effect of growth 
promotants on the occurrence of endogenous and synthetic steroid hormones on feedlot 
soils and in runoff from beef cattle feeding operations. Environmental Science & 
Technology 2012, 46, (3), 1352-1360. 
164 
 
7. Gall, H. E.; Sassman, S. A.; Lee, L. S.; Jafvert, C. T., Hormone discharges from a 
midwest tile-drained agroecosystem receiving animal wastes. Environmental Science & 
Technology 2011, 45, (20), 8755-8764. 
8. Gall, H. E.; Sassman, S. A.; Jenkinson, B.; Lee, L. S.; Jafvert, C. T., Hormone 
loads exported by a tile-drained agroecosystem receiving animal wastes. Hydrological 
Processes 2014, 28, (3), 1318-1328. 
9. Lee, G. F.; Rast, W.; Jones, R. A., Water Report: Eutrophication of water bodies: 
Insights for an age old problem. Environmental Science & Technology 1978, 12, (8), 900-
908. 
10. Blanco-Canqui, H.; Gantzer, C.; Anderson, S.; Alberts, E.; Thompson, A., Grass 
barrier and vegetative filter strip effectiveness in reducing runoff, sediment, nitrogen, and 
phosphorus loss. Soil Science Society of America Journal 2004, 68, (5), 1670-1678. 
11. Dorioz, J.-M.; Wang, D.; Poulenard, J.; Trevisan, D., The effect of grass buffer 
strips on phosphorus dynamics—a critical review and synthesis as a basis for application 
in agricultural landscapes in France. Agriculture, Ecosystems & Environment 2006, 117, 
(1), 4-21. 
12. Knox, A. K.; Tate, K. W.; Dahlgren, R. A.; Atwill, E. R., Management reduces E. 
coli in irrigated pasture runoff. California Agriculture 2007, 61, (4). 
13. Taggard, K.; Raguse, C.; George, M.; Hull, J.; Daley, C.; Connor, J., Update on 
short-duration grazing study on irrigated pasture. California Agriculture 1990, 44, (2), 8-
11. 
14. Drake, D. J.; Phillips, R. L., Fundamentals of beef management. UCANR 





15. Lauriault, L. M.; Sawyer, J. E.; Baker, R. D., Grazing Systems and Management 
for Irrigated Pastures in New Mexico. New Mexico State University, College of 
Agriculture and Home Economics, Cooperative Extension Service: 2003. 
16. Zou, Y.; Zheng, W., Modeling Manure Colloid-Facilitated Transport of the 
Weakly Hydrophobic Antibiotic Florfenicol in Saturated Soil Columns. Environmental 
Science & Technology 2013. 
 
 
